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ABSTRACT 

Prior work has found that a variety of terrestrial planetary compositions are 
expected to occur within known extrasolar planetary systems. However, such 
studies ignored the effects of giant planet migration, which is thought to be very 
common in extra-solar systems. Here we present calculations of the compositions 
of terrestrial planets that formed in dynamical simulations incorporating varying 
degrees of giant planet migration. We used chemical equilibrium models of the 
solid material present in the disks of five known planetary host stars: the Sun, 
GJ 777, HD4203, HD19994 and HD213240. Giant planet migration has a strong 
effect on the compositions of simulated terrestrial planets as the migration results 
large-scale mixing between terrestrial planet building blocks that condensed at a 
range of temperatures. This mixing acts to 1) increase the typical abundance of 
Mg-rich silicates in the terrestrial planets' feeding zones and thus increase the fre- 
quency of planets with Earth-like compositions compared with simulations with 
static giant planet orbits; and 2) drastically increase the efficiency of the delivery 
of hydrous phases (water and serpentine) to terrestrial planets and thus pro- 
duce water worlds and/or wet Earths. Our results demonstrate that although a 
wide variety of terrestrial planet compositions can still be produced, planets with 
Earth-like compositions should be common within extrasolar planetary systems. 

Subject headings: planets and satellites: composition — planets and satellites: 
formation — planetary systems 
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Introduction 



Large-scale orbital migration of gas 



in many extrasolar planetary systems ( lArmitage 



Solar System (e.g. 



Walsh et al. 



giant planets i s generally thought to have occurred 



20071 ). and perhaps even in our own 



2011aJ). The mechanism that is thought to cause the 



most dramatic migration takes pla ce during the gaseous pro t oplanetary disk p hase and is 



referred to as "type II" migration (jPapaloizou fc Lin 



(119841 ): 



Lin et al. 



(119961 )1 Type II 



migration occurs when a planet becomes large enough to clear an annular gap in the disk, 
thus effectively coupling itself to the motion of the gas. As the gas viscously evolves, the 
majority of the mass flows inward onto the star and drags the planet inward with it. The 
planet thus migrates on the disk's viscous timescale of ~10 5-6 years. Migration ceases when 
the disk mass drops to a fraction of the planet mass. 

As a giant planet migrates inward from where it formed via this mechanism, it 
encounters the building blocks of planets forming closer in. During this migration, 
surprisingly little material impacts the planet directly. Rather, small bodies in the giant 
planet's path are either gravitationally scattered onto exterior orbits or sh epherded inwa rd 



by mean motion resonances and follow the gas giant's inward migration (jMandell et al. 



2007 



Fogg fc Nelson 



2005 . 



2007 



Raymond et al. 



20061 ) . The later orbital evolution of these 



small bodies is also influenced by gasdynamic effects such as gas drag. Thus, a consequence 
of giant planet migration is to redistribute large amounts of solid material throughout 
the disk. The redistribution of solid material exerts great influence on both the final 
architecture of the planetary system and the composition of any terrestrial planets forming 
within the system. By shepherding large amounts of material throughout the system, giant 
planet migration directly impacts both the mass and location of the final terrestrial planets 
that form. Similarly, planetary feeding zones are no longer confined solely to material 
located immediately adjacent to the planet. Instead, planetary building blocks are sourced 
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from throughout the disk, potentially producing a greater diversity of possible planetary 
compositions. 

Numerous studies have exami ned the issue of terrestrial planet formation and survival 



during giant planet 


migration (e.g. 


Walsh et a 


2011b: 


Ravmond et al. 


2009: 


Mandell et al. 


2007: 


Gaidos et al. 


2007; 


Ravmond et al. 


2006; 


Foeg & Nelson 


2009. 


2007. 


2005; 


Armitaee 



20031 ). Howe ver, few studies have consi dered the impact of migration on planetary 



composition. 



Raymond et al. 



(J2006|) and 



Mandell et al. 



( 120071 ) estimated the water content 



of simulated planets based on a simple assumed initial distribution that was calibrated 
to match the water contents of asteroid types as inferred from meteorites, al though the 



asteroid belt's structure may itself have been sculpted by Jupiter's migration 



Walsh et al. 



( l2011aT ) . No prior work has undertaken a detailed examination of other aspects of planetary 



composition and giant planet migration 
In our previous work (e.g 



Carter-Bond et al. 



2012 



Bond et al 



2010bl ) we showed that 



a diversity of terrestrial planet compositions is likely to exist in other planetary systems. 
These compositions largely reflect that of the planetary host star, with the stellar Mg/Si 
and C/O ratios exerting the strongest control over both the bulk mineralogy of the solid 
material present within the disk and hence the final compositions of the terrestrial planets. 
Under the assumption of chemical equilibrium, a C/O value below 0.8 implies that Si will 
be present within the system in the solid form as a silicate, primarily as either the Si04 4_ 
or Si02 building block. The precise form of this silicate is controlled by the Mg/Si value, 
ranging from pyroxene (MgSiOs) (for Mg/Si<l) to olivine (Mg 2 Si04) (for Mg/Si>2) with 
a combination of the two for l<Mg/Si<2. If the C/O value is greater than 0.8, then 
carbide phases (C, SiC and TiC) will be present in large qua ntities in addition to the se 



silicate speci es, resulting in C-rich planetary building blocks ( Kuchner fc Seage: 



2005 



Gaidos 



20001 ). A wide variation in these two key ratios has been observed for stars known 
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to host giant planets (IPetigura h Marcyl 1201 ll ; iDelgado Mena et al.l |2010| ) with predicted 
terrestrial planetary compositions ranging from relatively "Earth -like" planets to those that 



are dominated by C (jCarter-Bond et al 



2012 



Bond et al 



2010b). 



To date, all such studies have neglected giant planet migration and have instead used 
as their inputs simulations of late-stage terrestrial accretion with the giant planets on fixed 
orbits. Thus, in these studies the planetary compositions primarily reflect the condensation 
sequence of the disk. As a result, systems with refractory-dominated (Ca, Al, Na) terrestrial 
planets located in the inner region, water-rich pl anets in the outer r egion and Mg-silicate 



2010bl ). Given the apparently 



planets in the intermediate region were produced (IBond et al.l 
common occurrence of giant planet migration within extrasolar planetary systems and the 
potential of giant planet migration to redistribute solid material within the system, it is 
necessary to revisit the issue and examine in detail the effects that giant planet migration 
may have on the bulk composition of the terrestrial planets in those systems. 

In this study, we present detailed calculations of the bulk elemental composition of 
simulated terrestrial planets in systems with migrating giant planets. We primarily focus 
on terrestrial planets forming within 3 AU from the host star. This region was selected 
as it is the target region of current and future missions such as Kepler, is of considerable 
astrobiological interest as it spans the traditional habitable zone and is the region in which 
we are most likely to first be able to detect and characterize the composition of terrestrial 
planetary atmospheres, providing us with observationally-based limits on the composition. 
We consider three scenarios with giant planet migration and compare the terrestrial planets 
that form in each with a suite of in-situ simulations and our own prior studies. This 
study is the first of its kind to consider both giant planet migration and its effects on the 
composition of the terrestrial planet produced. It is not only crucial in the development of a 
more self-consistent model of terrestrial planet formation, but also in placing more realistic 
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constraints on the full range of possible terrestrial planet compositions within extrasolar 
planetary systems. 



Simulations 



2.1. Dynamical Simulations 



In this study, we selected four unique dynamical situations in which to examine 
terrestrial planet formation: (1) Jupiter- mass planet located at 1AU and not migrating 
(hereafter referred to as in-situ); (2) Jupiter- mass body migrating from 5AU to 1AU (JDs_i); 
(3) Jupiter-mass body migrating from 5AU to 0.25AU (JD 5 _ 2 5); and (4) Jupiter- mass body 
migrating from 5AU to 0.25AU with an additional Saturn-mass body stationary at 9.5AU 
(JSD 5 _ .25)- The first two sets of simulati ons were run expressly for the purpose of this 



study, the JD 



5-0.25 



were first presented in 



Raymond et al 



(200 61), an d both the JD 



Mandell et al 



5-0.25 



( 120070 (as JD and 



and JSD 5 _ .25 simulations were previously reported in 
JSD, respectively). While there are small differences in the initial conditions between the 
different sets of simulations (e.g. in the embryo masses and separations), the differences 
are relatively sm all, such that we ca n still make reasonable comparisons between different 



simulations (e.g. 



Kokubo et al 



20061 ). Each set of simulations is discussed below. 



In-situ & JD^-i. For both the in-situ and JDs_i situations, N-body simulations of 
terre strial planet accretion were run u sing the SyMBA n-body integrator ( IDuncan et al. 



19981 ). Following 



O'Brien et al 



(120061 ). both Lunar- to Mars- mass embryos and a swarm 
of smaller planetesimals were included. Note that, as is common with these types of 
simulations, the planetesimals interact only with the embryos and not with each each other. 
In the case of the in-situ simulations, all embryos and planetesimals are distributed between 
0.3 and 0.8AU with 1.64 of solid material equally divided between planetesimals 
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and embryos (M embryos = M planetesima i s = 0.82 Mg). The JD 5 __i situations began with 
a total of 12.19 worth of embryos and planetesimals distributed in two areas, the 
first between 0.3 and 4AU (M embryos = 3.39 M e , M planetesimals = 3.44 M ) and a second 
mass distribution beyond the Jupiter-mass planet, located between 6 and 9AU (M em b ryos 
= 4.06 M0, M p i ane tesimais = 1.30Mffi). Al l solid bodies were distributed according to 
the relationships derived by iKokubo fc Idal (120001 ) regarding embryo mass, spacing and 
semi-major axis, assuming a separation of 5 to 10 mutual Hill radii in the inner region and 
3 to 6 Hill radii in the outer region. 

The surface mass density profile was taken to vary as r -3 / 2 and was normalized to 
lOg cm -2 at 1AU for the in-situ simulations and inner regions of the JDs_i simulations 
and normalized to 20g cm -2 at 1AU for the outer region of the JD 5 _! simulations. An 
integration timestep of 0.5 days was utilized in the in-situ simulations. This imposes an 
artificial inner boundary on planetary formation as bodies located within ~0.1AU from the 



host s tar are not accurately resolved (see numerical tests in Appendix A of 



Raymond et al. 



(I2011I )). Thus bodies located within this region are not considered in this study. A 
somewhat longer timestep of 2 days was applied for the JDs_i simulations, increasing 
the inner boundary to ~0.2AU. All collisions were treated as perfect mergers (ie. linear 
momentum is conserved and no mass is lost as fragments). Inward migration of the giant 
planet was simulated by including a drag force in the integrator. Migration in the JD 5 _! 
situations occurs over the first 10 5 years and the simulations were continued for a total of 
50 Myr. The JDs_i si mulations also incorporate the effects of gas drag on the planetesimal 



population. A MMSN ( IHavashi 



19811 ) is adopted, with the nebular density linearly decaying 



over a period of 10 Myr, and the planetesimals are given an effective diameter of 10 km 



for purposes of calculating the drag force. A detai 
of the migration and the gas drag force is given in 



ed description of the implementation 



Mandell et al. 



(120071 ) . Four individual 



simulations were run for each of the scenarios considered with a random number generator 
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determining unique initial distributions of solid material within the disk. 



JD 5 - .25, JSD 5 _ , 25 - The JD 



5-0.25 



an d JSDs_n.2fi 



MERCURY hybrid symplectic integrator (j Chambers 



simu 



1999 



ations were run using the 



Chambers fc Migliorini 



19971 ). 



As with the in-situ and JDs_i situations, both planetary embryos and a planetesimal swarm 
were included. Solid bodies were initially located between 0.25 and 4.5AU and between 6 
and 9AU. Mass was again equally divided between the planetesimals and embryos in the 
inner region {M em b ry os = ^-planetesimals = 5 Mg), while the outer region contained four times 
more mass in the embryos than the planetesimals (M em b ryos = 5.7 M^, M p i anetesima i s = 1.3 
Mm), giving a total solid mass of 17 M^. As in the JDfj_i s i mulat ions, the solid bodies 



were scaled according to the mass relation of 



Kokubo fc Idal (120001 ) and were randomly 



separated by 5 to 10 mutual Hill radii in the inner region and 3 to 6 Hill radii in the outer 
region. 

The surface mass density profile was again taken to vary as r~ 3 / 2 , but was normalized 
to a marginally higher value of 13. 2g cm" 2 at 1AU. The integration timestep was set to 2 
days, which reduces the inner boundary for accurate integration and simulation to 0.05AU. 
As with the JD 5 _! simulations, giant planet migrat ion and gas drag on the planetesimals 



Mandell et al. 



(120071 ) . Migration of the 



are incorporated into the integrator as described in 
giant planet again occurs over 10 5 years and the simulations were run for a total of 200 
Myr. Five individual simulations were run for each migration scenario, however one of each 
was unusable. 



2.2. Chemical Simulations 



In this study we followed the same approach as in ICarter-Bond et al.l (120121 ) and 
Bond et al.l ( l2010al lbl) . Equilibrium between the solid material within the disk and the stellar 
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nebula was assumed. As such, the final elemental composition of the simulated terrestrial 
planets can be determined by employing equilibrium condensation sequences. Following 
previous studies, HSC Chemistry (v. 5.1) was utilized to obtain condensation sequences for 
the 15 major solid forming elements (H, C, N, O, Na, Mg, Al, Si, P, S, Ca, Ti, Cr, Fe and Ni) 
via the Gibbs energy minimization method. While the dynamical simulations are generic 
and not designed to reflect any one specific system, stellar photospheric abundances for five 
known planetary host stars were selected for study - Solar, G1777, HD4203, HD19994 and 
HD213240. These compositions were selected as they span the full range in both Mg/Si and 
C/O values observed for planetary host stars. Figure [T] displays the ratios for these systems, 
in addition to other known host stars for which Mg/Si and C/O values are available. 

The p o tentia l range of host star compositions has recently come under some scrutiny 



as 



Fortneyl (120121 ) illustrated the apparent disconnect between the composition of known 
planetary host stars (primarily F- and G-type stars) and lower mass stars of surveys such 
as the Sloa n Digital Sky Survey. The high stellar C/O ratios observed for some planet 



host stars (IPetigura fe Marcyil201ll; iDelgado Mena et al. 



other large uniform samples (e.g. 



Covey et al. 



2010) are not observed within 



20081 ) . leading to the claim that observed 



host star C/O values are systematically overestimated and calling into question the true 
nature of the underlying distribution in C/O values. Numerous possible causes for this 
disparity have been suggested but the issue remains unclear at this stage. As such, we will 
continue to utilize previously published stellar elemental abundances as the initial nebula 
composition until the issue is resolved. These still represent the best available way to 
estimate the composition of the primitive solids in the planetary systems and are ideal as 
the starting point for studies such as ours. We will reexamine this assumption and repeat 
any simulations as necessary as new stellar abundances become available and as the issues 
surrounding the C/O distribution are resolved. 
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Observed stellar abundances for the four e xtras olar p 



from 



Ecuvillon et al. 



(12006 



200J); 



Gilli et al. 



(J2006|) and 



anetary host stars were taken 



Beirao et al. 



()200J). These 



abundances were determined by the same research group from the same spectra in a uniform 
manner, thus minimizing any possible systematic errors between studies. Abundances of N 
and P have not been determined spectroscopically and were instead approximated based 



on the observed odd-even effect. The same metho d was applied 



Asplund et al 



'or those stars without 



(120051 ). The input values 



observed S values. All Solar values were taken from 
used in HSC Chemistry (normalized to 10 6 Si atoms) for each system are shown in Table 
[31 Equilibrium conditions at the disk midplane were o btai ned from radial pres sure and 



temperature profiles adopted from 



Hersant et al. 



(J200l|) (see 



Bond et al. 



(I2010bf l for specific 



mass accretion rate s utilized) . Based on the best-fit to known Solar System planetary values 



( Bond et al. 



2010aJ), disk conditions at an evolut ionary time of t = 5xl0 5 yr were utilized 



here. Further details of this method are given in iBond et al. 



(12010 



It should be noted here that all of the solid-material compositions utilized in this 
study are based on chemical equilibrium between the solid material within the disk and 
the nebular gas. However, in the outer regions of the disk (beyond ~ 6 A U), kinetic 



inhib ition may prevent the reduction of CO to the equilibrium species CH4 (ILewis fc Prinn 



19801 ). As such, equilibrium compositions may not best reflect the co mposition of so 



species fine 


uding 


Wong et al. 


2008 



ices, clathrat es and hydrates) forming in this region (IJohnson et al 



Gaidos 



id 



2012 



20001 ). In order to maintain internal consistency, our models 
assume equilibrium-driven compositions throughout the entire disk. A separate study of 
non-equilibrium driven volatile compositions is currently underway to better address this 



issue. 
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2.3. Combining Dynamics and Chemistry 

As in previous studies, combining the chemical and dynamical simulations was done by 
assuming that each body in the dynamical simulations retains the equilibrium composition 
of the region in which it is first located and contributes that same composition to the 
final planetary body. Phase changes and outgassing by the bodies during migration are 
neglected. In keeping with the dynamical simulations, perfect collisions are assumed (i.e. 
no mass loss occurs during collision). Although we do determine the component bodies' 
initial mineralogical compositions, we only report final bulk planetary elemental abundance 
as we do not simulate planetary differentiation and evolution of the interior. 

We limited our results to planets that underwent at least two collisions. That is to say 
that we ignore those embryos that have simply survived for the simulation period and not 
accreted any additional material, primarily because of their extremely low masses. 



3. Results 



3.1. Dynamical 



The dynamics of terrestrial planet formation d uring giant planet migration has 



been examined in de t ail by numerous other studies (IFogg fc Nelson 



2009 



2007 



2005 



Raymond et al. 



2006 



Zhou et al. 



20051 1 and is not the focus of this paper, so we provide 
only a basic discussion of the dynamical simulations. Terrestrial planets formed in all the 
simulations considered here. The architecture for each of the final systems is shown in 
Figures [2] and [3j Note that these figures do not include any surviving planetesimals or 
embryos that did not undergo at least two collisions. Symbol radius scales as the cube root 



of planetary mass. Earth is shown in each panel for scale. 
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A single ~ 1 planet was produced for each of the in-situ simulations due to the 
limited mass available for terrestrial planet formation and the lack of damping via gas drag. 
For those simulations incorporating giant planet migration, multiple terrestrial planets were 
produced with masses ranging from 0.04 to 4.15 Mm. The planets produced by the 
JD 5 _i simulations have lower masses than those of the JD 5 _ .25 and JSD 5 _ .25 simulations. 
The vast majority of JD 5 _! terrestrial planets have masses less than 1 with a maximum 
planetary mass of 2.25 Mm. It is interesting to notice in Fig. 2 the pileup in mass just 
interior to the 2:1 mean motion resonance (at 0.62 AU), which is a direct consequence of 
shepherding of planetesimals and embryos during the giant planet's migration. Both the 

_o.25 and JSD 5 _ .25 simulations have higher peak terrestrial planet masses (4.15 and 
3.23 Mm, respectively) due to the higher degree of radial mixing and inward shepherding 
of material generated by the larger migration and possibly also because of the somewhat 
larger initial disk mass. Finally, the JD 5 _! simulations can be seen from Fig. [2] to not 
produce any terrestrial planets located beyond the final position of the gas giant, only 
stray embryos located beyond several AU. This mainly due to the longer accretion time 
required to produce a planet in that region and the relatively short (50 Myr) timescale of 
the simulations. For a more detailed discussion of the JD 5 _ .25 and JSD 5 _ .25 simulations, 



the reader is referred to 



Mandell et al. 



(120071 ). 



3.2. Chemical 

The predicted bulk elemental abundance (in wt%) for each of the simulated terrestrial 
planets is shown in Table HJ Giant planet migration during terrestrial planet formation 
can be seen to greatly alter the composition of the resultant terrestrial planets. When 
considering terrestrial planets that formed during giant planet migration, two broad types 
of terrestrial planet can be seen to be produced: those are composed of Mg-silicates 



13 



and metallic Fe (in various amounts) (for disk compositions of Solar, HD213240 and the 
majority of G1777) and those that are C-enriched, containing up to 47wt% C in addition 
to Fe and Mg-silicate species (for disk composition of HD 19994 and HD4203). Both types 
of planetary composition a re similar to those p roduced by the in-situ simulations of the 



current study and those of 



Bond et al 



(]2010bl ). However, giant planet migration is found 



to have two main consequences for the final composition of terrestrial planets: (1) The 
production of "Earth-like" planets is increased, and (2) Hydrous phases are delivered to the 
dry inner regions of the system during the accretion process with a much greater efficiency 
Each of these is discussed in turn below. 



3.2.1. Increased number of Earth-like planets 

The most significant effect of giant planet migration on the compositions of simulated 
terrestrial planets is an increase in the relative abundance of Mg, Si, O and Fe, leading 
to an increased number of Earth-like planets. Figures H] and [5] display representative bulk 
planetary abundances for terrestrial planets formed for all four migration scenarios for 
those disks with C/CK0.8 (Solar, HD213240 and G1777)(Fig. 0} and those with C/O>0.8 
(HD 19994, HD4203)(Fig. Throughout this paper, "Earth-like" does not imply an ex act 



Earth twin in terms of bulk elemental abundances. Here we have followed 



Bond et al. 



( I2010bl ) and use the term to refer to a planetary body that is primarily composed of metallic 
Fe and Mg-silicates with few other trace species present. Specifically, we have termed a 
planet to be Earth-like if the bulk elemental abundance for the major elements (O, Fe , Mg, 



Kargel fe Lewisl (119931 ). By 



Si) is within ±25% of the bulk Earth elemental abundances in 
this definition, both Venus and Mars would also be considered to be Earth-like, thus the 
term should not be narrowly interpreted to mean that a planet is exactly like the Earth. 

The increased abundance of Mg, Si, O and Fe (and consequent increased occurrence of 
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Earth-like planets) reflects the composition of the solid material shepherded inward by the 
migrating giant planet. With giant planets on fixed orbits, terrestrial planets grow mainly 



by accreting objects that originated wit hin ~ 1 AU of t 
tail that extends to larger distances; see iRaymond et al- 



i en fina l location (albeit with a 



(j2006bl ) for details). However, a 



migrating giant planet's strong dynamical influence on the small bodies in the disk (via 
shepherding and scattering) creates a large-scale mixing of solids with different initial 
compositions. The majority of solid material that is implanted into the planetary feeding 
zone originates from within 5AU from the host star. Assuming chemical equilibrium, for 
the majority of stars this material is dominated by Mg-silicates (pyroxene and olivine) 
and metallic Fe (between 0.5 and 4AU) and Mg-silicates and water ice beyond 4AU. Thus, 
the composition of solid material located in the inner terrestrial planet forming region of 
the disks (i.e within 0.5AU from the host star) changes from being primarily composed of 
refractory species (Ti, Al, Ca, O) to being dominated by Mg, Si, O and Fe. It should be 
noted, however, that the scattering induced by giant planet migration does not eliminate 
the C enrichment observed under equilibrium for those systems wit h C/O>0.8. C is located 



within ~1.5AU from the host star (based on 



Hersant et al. 



f|2001l ) disk profiles at 5xlO E 



years). Scattering via giant planet migration results in the introduction of Mg-silicate and 
metallic Fe material to this region, yielding a feeding zone composed of Mg, Si, O, Fe and 
C. 

No Earth-like planets were produced in the in-situ simulations considered here (i.e. 
Jupiter- mass body stationary at 1AU). However, Earth-like planets were produced for 
Solar, HD213240 and G1777 composition disks with a Jupiter-mass planet migrating from 
5AU to 1AU (JD 5 _i). These three systems have the lowest C/O values (0.54, 0.44 and 0.78, 
respectively). As such, the region of the disk interior to 5AU (and therefore the terrestrial 
planets' feeding zone) is C-free and dominated by silicate species, making the formation of 
an Earth-like planet more likely. 
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Earth-like planets were produced for all disk compositions considered, regardless of the 
C/O value, for the case of a Jupiter- mass planet migrating from 5AU to 0.25AU both with 
(JSD 5 _ .25)and without (JD 5 _ .25) a stationary Saturn-mass planet at 9.5AU. Earth-like 
planets are readily produced in systems which have undergone giant planet migration and 
may be common within extrasolar planetary systems. Such planets can from in any system, 
regardless of the C/O of the host star and therefore the system as a whole, if sufficient 
migration has occurred (high C/O systems require a higher extent of migration to prod uce 



Bond et al. 



fl2010bi ) are 



an Earth-like planet). That is not to say that the C-rich planets of 
not produced. Instead, by incorporating giant planet migration we are now producing both 
Earth-like planets and C-rich planets within the same system (see JSDs_o.25 simulations in 
both panels of Fig. [5]). 



Giant planet migration strong 
(see Table 0] and Figure [5j see also 



V affects th e natur e of the C-rich planets that form 



Bond et al 



( I2010bl )). With no giant planet migration, 



terrestrial planets composed of Fe, Si and more than 55wt% C can form. However, including 
migration can significantly reduce the C enrichment, resulting in planets composed of C, Si, 
Fe and Mg, with C abundances varying from <lwt% to 47wt% and the majority containing 
<35wt % C. This leads to a much more diverse range of C-enriched planets; many simulated 
planets (such as those produced with the disk composition of G1777) could be considered 
C-enriched Earth-like planets as they contain a significant C abundance in conjunction with 
Earth-like abundances of Mg, Si, O and Fe. 

The terrestrial planets in migration simulations that produced multiple terrestrial 
planets within ~2.3 AU have a strongly homogenous bulk planetary composition, with 
planets located beyond ~2 AU generally displaying a more Earth-like composition (namely 



lower C for the high- C/O systems and lower r e: 



lower-C/O systems). In contrast, 



Bond et al. 



ractor y components like Ca and Al for the 



( 12 01 Obi ) found the opposite trend in their 
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simulations with static giant planets: strong radial planetary compositional gradients in 
multiple terrestrial planet systems due to narrowly constrained feeding zones, each with 
highly distinctive mineralogies. Indeed, the giant planet's migration causes such large-scale 
mixing that it effectively widens the feeding zone of each terrestrial planet to encompass the 
giant planet's entire pre- to post-migration orbital span, thus making the building blocks 
of each terrestrial planet virtually the same composit ion. It should also be noted that the 



close-in, refractory rich planets of 



Bond et al 



( 12 01 Obi ) are not produced when giant planet 



migration is incorporated for the same reason, i.e. the refractory material in the inner disk 
is diluted by material from the outer regions, creating a more Earth-like composition. 



3.2.2. Delivery of hydrous phases 



In our simulations, giant planet migration systematically stimul ates the delive r y of 



larg e quantities of hydrous phases to the terrestrial planets (see also 



Mandell et al. 



and 



Raymond et al. 



fl2007h 



( 120061 )). Here, the term "hydrous phases" refers to water ice and 
serpentine (Mg 3 Si205(OH) 4 ), the aqueous alteration product of olivine. Simulations are 
currently being finalized that contain a wider variety of volatile species, hydrates and 
clathrates and will be presented in a separate paper. 

No water or serpentine was accreted by the simulated planets in any of the in-situ 
simulations. This is due to these planets' feeding zones being narrow and located within 
1AU from the host star, combined with the fact that there was no material initially located 



beyond 1AU and therefore la cking any so 



Similar results were found in 



Bond et al. 



id-st ate hyd rous species within the simulation. 



(2010a 



) and 



Bond et al 



(l2010bl ). Including giant 



planet migration drastically increases the number of planets that accrete hydrous phases. 
In the simulations with the largest degree of migration - JSD 5 _ .25 ~ all of the simulated 
terrestrial planets obtained some amount of water during the accretion process. 
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The water abundance varies significantly with the disk composi tion, as increasing C/O 



Gaidos 



2000 



for details). As such, 



values decreases the amount of water ice available (see 
HD213240 (C/O = 0.44) has the largest water reservoir available for direct accretion among 
our five disk compositions and HD4203 (C/O = 1.86) has the smallest. Assuming that all 
H accreted by the planet (whether as water ice or serpentine) is retained and converted 
to water, we obtain planetary water values of up to 4492 Earth oceanj^] for a HD213240 
composition gas disk and up to 895 Earth oceans for a HD4203 composition gas disk. These 
results indicate that it is likely that the production of "water world" planets may result from 



giant planet migration, similar in nature to that of GJ1214b (iBerta et al.1 120121 ). Projected 
water contents for all compositions are listed in Table [5] (sample only, complete table 
is available online) while Figure |6] displays the cumulative probability water abundance 
for each of the three migration scenarios and all five disk compositions considered. The 
water abundances re ported here represent a significant increase on previous predictions. 



Mandell et al 



Raymond et al. 



(2007) estimated a planetary water content of ~10% water by mass, while 



(120071 ) predicted planetary water contents ranging from 5 to 126 Earth 
oceans. Our water contents are higher as the simulations considered here include giant 
planet migration and it s subsequent int r oduct ion of water-rich material to the terrestrial 



planetary feeding zone ([Raymond et al. 



3) di 



(2007) did not consider migration) and o ur wa ter 



cont ents are based on equ ilibrium condensation sequences (both 



Mandell et al. 



and 



Raymond et al 



(12007J) 



(120071 ) base their water contents on observed values in chondritic 



meteorites) . 

Water delivery to close-in terrestrial planets occurs during giant planet migration via 
collisions of objects with a wide range of formation locations; water deli very to close-in 



planets after the end of migration is hindered by dynamical constraints (IMandell et al. 



1 1 Earth ocean mass of water = 1.4xl0 21 kg = 2.34xlO" 4 Ivh 
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20071 ). Water delivery to planets beyond a few tenths of an AU occurs via many impacts 
with volatile-rich bodies for the remainder of the simulation. At this stage, many of the 
terrestrial planets have already accreted a significant fraction of their final mass, increasing 
the probability that the water (or at least a portion of it) will be retained and incorporated 
into the planet in some form. Having said that, the water content values list ed in Table [5] 



are likely to be upper limits as we do not consider water loss during collisions (IGenda fc Abe 



2005 



Canup fc Pierazzo 



planetesimals and embryos (IMatsui fc Abe 



20061) or via outgassing and hydrodyanmic escape from the 



19861 ) occurring during the migration process. 



It is unclear to exactly what extent these processes will impact the final amount of water 
delivered to a terrestrial planet, but a significant loss of volatile species is expected. For 
example, co metary observations haye rep orted a sublimation rates reaching 10 30 molecules 



per second (IBockelee-Morvan et al. 



20021 ) . Given the age of a planetary system, the loss 
from planetesimals and embryos before accretion via this mechanism alone can be severe. 
As such, it is expected that a significant reduction in global water content will occur. 
On the other hand, we have not considere d other potential sourc es of water such as the 



oxidation of primit 



ive H-rich atmospheres (llkoma fc Genda 



vapor onto grains (IMuralidharan fc Drake 



2011 



Drake 



20061 ) or adsorption of water 



20051 ). Both processes are likely to 



occur to some extent and offset H loss through sublimation and collisions. Additionally, 
although the planets are simulated to receive significant amounts of water, the vast majority 
of planets are located outside the traditional habitable zone. As such, it is unclear if such 
a body could retain an appreciable amount of water in the liquid form for a geologically 
and/or biologically significant period of time. 

In the JD 5 _ .25 simulations (and to a lesser extent JD 5 _i), planetesimals and embryos 
initially located within 2 AU (and therefore lacking water) are often scattered out into the 
cooler, water-rich outer regions of the disk. Due to both the significantly longer timescale 
of accretion in the outer areas of the disk and the fact that our current approach does not 
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accommodate compositional changes once condensation has occurred, the composition of 
these bodies continues to reflect that of the inner region of the system and they remain dry 
(i.e. contain no water) despite being located in regions of the disk well beyond 5AU where 
the composition of solid material is dominated by water ice and serpentine. It is unclear 
to what extent water ice may be present such a body, whether delivered after migration 
through collisional accretion, adsorption of water vapor from the disk or even compositional 
changes of the constituent minerals (such as serpentinization of olivine). Given their 
relatively small masses (< O.3M0) these scattered pla nets often remain on h igh-eccentricity 



20041 ). We expect 



orbits due to relatively weak damping from the disk (ITanaka fc Ward! 
that these planets might simply continue to accrete in their new distant environments but 
on longer (Gyr) timescales than we have simulated. 

Beyond biological considerations, water also significantly impacts planetary processes 
and properties. The impact of the predicted global water contents on these properties is 
deferred to Section 14.21 



4. Observations, Implications and Discussion 



4.1. White Dwarf Observations 



Direct comparison between the results of the current simulations and observations of 
extrasolar terrestrial planets is not yet feasible. Instead, we utilize polluted white dwarfs 
as an observational test of our results. The atmosphere of a white dwarf is composed of H 
and He only. Any element heavier than He and present in the atmosphere must have been 



accreted by the w hite dwarf 



the precursor star (jJur 



during 



2008 



2006 



its m ass lo ss phase from a p 



20031 ). See 



Debes et al. 



anet a ry system orb i ting 



(120 121 ) and 



Bonsor et al 



(2011) 



for discussions of the details of planetary disruption and accretion. 
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Numerous o 



jservations (e.g. 



Zuckerman et al 



2011 



Jura &: Xu 



Klein et al 



2011 



2012 



2010 



Jura et al 



20 



Zuckerman et al 



Gansicke et al. 



2010 



Dufour et al 



2012 



20101 ) 



have detected evidence of the accretion of solid material similar in composition to that 
of Earth and CI chondrites, the most primitive meteorites within the Solar System. 
For example, the white dwarf NLTT 43806 was observed to have Mg/Si values between 
1.05 and 1.26, indicating the accretion of a soli d body (or several bodi es) with a bulk 



elemental c ompo sition similar to that of Earth (jZuckerman et al. 



Jura et al. 



201ll ). Furthermore, 



( 120121 ) found that refractory elements in two polluted white dwarfs (GD 40 and 
G241-6) are also in agreement with bulk Earth elemental abundances. Few observations 
of C pollution in white dwarfs have been completed to date. Those that have reported 
C-abundances haye all reported C values that are severely depleted compared to Solar 



( iDesharnais et al. 



2008 



Jura 



2006). Combined together, these observations represent a 
growing body of evidence supporting the results of this study that "Earth-like" planets 
appear to be common in extrasolar planetary systems. It also lends weight to both the 
decreased occu rrence of extreme C-rich bodies suggested by this study and the claim by 



Fortneyl (120121 ) that although C-dominated bodies may exist, they are likely to be rarer 



than previously estimated. 



4.2. Wet Earth Planetary Processes 

Beyond its obvious biological implications, water significantly impacts planetary 
evolution. Even if present on a terrestrial planet in a relatively small amount (as in 
our Solar System), water exerts a disproportionately large control on the evolution and 
internal dynamics of a given terrestrial planet. Numerous large scale planetary processes 
and properties such as mantle rheology, viscosity, differentiation, crystallization, volcanic 
eruptions and even atmospheric composition are strongly influenced by the bulk planetary 
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water content (e.g. ISaal et al.ll2008t lAsimow fc Langmuirl 120031 ; iHirth fc Kohlstedtlll996l ). 
Water also influences the interpretation of observations of transiting planets, as the water 



(and therefore H) content of a planet has been found t o be a contro 



mass -radius models of both solid and gaseous planets (IGrasset et al. 



ing factor for some 



2009 



Adams et al. 



20081 ). Given that giant planet migration can introduce significant quantities of water to a 
terrestrial planet during its formation process, we will briefly consider the possible impact 
that this may have on a terrestrial planet. Note that the discussion here is primarily 
focussed on water-rich Earth-like planets as we do not have the required data available 
to accurately describe the behavior of the more exotic C-planet compositions at high 
temperatures and pressures and with varying water contents. This also limits us from 
determining the equation of s tate for a C-rich plane t and undertaking a detailed interior 



model similar to that done by 



Valencia et al. 



(]2007aj ) for Si-dominated planets. The interior 



structures and processes of dry planets (i.e. those without water) remain unchanged from 



previo u s models and reade rs are referred to 



(|2Q10|); 



Bond et al. 



Carter-Bond et al 



feorj); 



Delgado Mena et al 



(j2010al lbl) for a detailed discussion. 



The concept of a terrestrial planet with extrem ely high water content is not new (e.g. 



Leger et al. 


2004; 


Franck et al. 


2003; 


Kuchner 


2003) 



20031 ) . If we assume that all (or at least the 



vast majority) of the water delivered via migration is retained by the planet, then we are 



l ikely to produce planets with internal structures similar to that proposed by 



Leger et al. 



(120041 ) — a metallic core overlain by a silicate mantle, dominated by olivine and pyroxene 
with significant surface water present. For planets located beyond ~2.5 AU, this surface 
water is likely to manifest as a global ice layer. Such a planet may also have a global ocean 
layer (depending on planetary surf ace temperature and heat flux) and may also experience 



cryovolcanism and resurfacing (see 



Fu et al. 



( 120101 ) for detailed simulations). The depth of 
the surface water (or ice, as the case may be) will directly depend on the amount of water 
delivered to and retained by the planet. 
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If, on the other hand, we assume that 97% of the water delivered in the current 



simulations is lost (based on observed element al dep 



respect to the 50% condensation temperature ((Davis 



etions in ordinary chondrites with 



20061 )). then we are left with few 



surviving waterworlds, containing just 27 - 135 Earth-oceans of water (depending on 
disk compo sition). This as s umpti on also brings us into line with the predicted water 



contents of iRaymond et al. 



(120071 ). Under this assumption, the majority of terrestrial 
planets contain less than 10 Earth-oceans of water, with a median water content of ~5 
Earth-oceans. We refer to this type of body as a wet Earth: a terrestrial planet containing 
< 10 Earth-oceans of water, with the water present both on the surface of the planet and 
incorporated into the interior. One of the most significant impacts of such a scenario will 
be on plate tectonics and global convection. Water, especiall y planetary surface water, 



is absolutely crucia 



O'Neill et al 



2007 



to plate tectonics on planets of all sizes (IRegenauer-Lieb et al. 



2001 



Valencia et al. 



2007b! ) . with several studies finding that the presence 



of surface water, not a planets size, is the gr eatest determining factor i n whether or no t 



plate tectonics will occur on a given planet ( Ivan Heck fc Tackley 



2011 



Korenaga 



2010). 



Increasi ng water content significant ly reduces the yield strength of mantle materials such as 



olivine ( lAsimow fc Langmuir 



20031 ). thus decreasing the force needed to generate slippage 



along a pre-existing fault or plate boundar y. Such slippage may lead to subduction, a 



driving force behind mobile lid convection ( iMoresi fc Solomatov 



19981 ) . as observed on 



Earth. An anhydrous crust, such as that of Venus, requires higher forces to create the same 
degree of slippage, making t he occurrence of a stagnant lid in such a system increasing 



likely ([Valencia et al. 



2007b). The add ition of water has the added effect of lowering the 



1999J), resulting in th e production of small melt pocke ts 



olivine solidus ( iHirschmann et al. 
deep within upwelling regions of the planetary mantle (jRobinson et al. 



2001 



McKenzie 



19851 ). The same solidus and stability effects will also result in the the production of 



melts comparable in composition to island-arc tholeiitic melts observed here on Earth with 
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fractionation and segregation during ascent (see iNicholls fc Ringwoodlll973l . and references 
thereafter). The presence of significant amou nts of water in the plan e tary interior may also 



incre ase the total amount of melt produced (jHirschmann et al 



1999 



Asimow fc Langmuir 



20031 ) (as observed for oceanic fl oor basalts here on Earth) and marginally thicken the 
crust ( Asimow Sz Langmuir 200^). Extending these to simulated extrasolar planets, we can 



infer that due to high simulated water contents, plate tectonics is likely to be common on 
extrasolar terrestrial planets. Significantly lower mantle forces would be required to initiate 
and maintain a mobile lid convection regime, and melt production would be increased. 
Intraplate volcanism may initially occur on the planet, due to the increased depth of 



melting, but this would be temporary in nature and only last until th e initial me 



was depleted (assuming the material is not refreshed via convection) ( Kite et al. 



t material 



2009|). 



Elkins-Tanton fc Seagerl (120081 ) found that if an oxidizer such as water is present in 
sufficient quantities during differentiation, Fe particles < 1cm in size are likely to oxidize 
before a planetary core can be produced. In the current simulations, water is delivered in 
almost all collisions occurring after ~10 6 years, meaning that it would be present during the 
bulk of the differentiation process. Thus it is possible that the terrestrial planets simulated 
here may not contain a metallic core comparable to that of Earth, effectively prohibiting 
the production of a magnetic dynamo. It is not clear what effects such a structure would 
have on the planetary processes outlined above. Further work, beyond the scope of this 
study, is required on these issues. 



4.3. Planet Habitability 



Of the five disk compositions examined, three produced Earth-like planets within the 
habitable zone. Although the r e are many factors that may influence planetary habitability, 
here we follow iKasting et al.l ( 119931 ) and adopt 0.8 and 1.5AU as the inner and outer 
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boundaries respectively of the habitable zone within the Solar System. Both the Solar 
composition disk and the G1777 composition disk produced five Earth-like planets located 
within the habitable zone with migration of a Jupiter-mass body from 5AU to 0.25AU 
with a Saturn-mass body stationary at 9.5AU (JSD 5 _ .25) and two Earth-like planets with 
migration of a Jupiter-mass body from 5AU to 0.25AU (JD 5 _ .25)- The planets range in 
mass from O.O56M0 to 3.O55M0 and all but the lowest mass planets accreted significant 
amounts of water during the accretion process. Thus by the definition adopted here, we can 
state that these 14 simulated planets are potentially habitable. 

Both of the disk compositions producing Earth-like planets within the habitable 
zone have C/O values below the 0.8 transition value. As such, we feel that despite the 
fact that systems with C/O values above 0.8 can produce Earth-like terrestrial planets, 
planetary systems orbiting a host star with C/O<0.8 continue to be the better candidates 
for future planet searches focussed on finding true Earth twins and undertaking detailed 
astrobiological studies. That is not to say that systems with C/O>0.8 cannot produce such 
a planet or host life. Until we can better understand the compositional variations that may 
occur within a disk, they simply are not the best selection for a large-scale survey. 



4.4. Biological Potential 

In order to host life, a system needs to not only contain water but also possess sufficient 
quantities of various critical elements. Based on our knowledge of life on Earth, these 
elements are H, C, N, O, P and S. Every single simulated planet in this study is deficient in 
several key biological elements. N is missing from all of planets. In addition, planets that 
formed in Solar- and HD213240- composition disks are depleted in C. One possible source 
for these elements may be that ices, clathrates and hydrates such as NH 3 , CH 4 and CH 3 OH 
are only produced in the outermost regions of the disk (assuming equilibrium) and as such 
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need to be introduced to the inner regions of the disk. In a more realistic setting, this 
could occur either through cometary or asteroidal impacts or possibly through scattering 
of material as caused by giant planet migration. Simulations addressing this issue and 
incorporating numerous clathrates, hydrates and ices are currently being finalized. 



4.5. Model Sensitivity 

Before we conclude, a word of caution needs to be included. To study the chemical 
diversity of planets, there are three primary inherent variables that need to be constrained: 
the initial composition of the solids in the disk, the feeding zone of each planet, and 
the accretion time for each planet, meaning the timing (and consequences of) accretion 
events and impacts. The approach taken here was not to explore the full range of possible 
values for each of these variables but rather to use chemical simulations to calculate a 
few different disk initial conditions, and dynamical simulations to calculate the accretion 
history for a limited set of planets. Our approach has the advantage of being self-contained 
to within the assumptions of the models we have used, although we appreciate that 
other, perhaps drastically different values for these three variables may be possible. In 
the current simulations, the migration parameters have the greatest impact on the final 
planets produced. The extent to which the giant planet migrates greatly influences the 
final terrestrial planet composition. This is clearly seen when comparing the JDfj_i and 



Dfl_n.9! R simulations to the in-situ case examined here and the simulations of 



Bond et al. 



(l2010bl ). For high degrees of giant planet migration, increasingly homogenous terrestrial 
planet compositions are produced, while water and other volatile species may be present on 
many (if not all) planets. This is in stark contrast to the case of a limited (or non-existent) 
degree of migration (in-situ and JD 5 _! in t his study). I n this case, we are more likely 



to see planets similar in nature to those of 



Bond et al 



(l2010bl ) with extremely diverse 



-26 - 



compositions reflecting the condensation sequence within the disk. The exact timing of 
giant planet migration also effects terrestrial planet composition. If migration occurs 
after terrestrial planet accretion has largely completed, the terrestrial planet compositions 
will reflect the only the composition of the solid materia l immediately adjacent to their 



formation location (i.e. the results of 



Bond et al 



teOlObl )). resulting in a suite of planetary 



compositions that strongly reflect the condensation sequences within the disk. Migration 
may later alter the location of such a planet within the system but the composition should 
still reflect a specific portion of the condensation sequence. If, on the other hand, giant 
planet migration occurs before and/or during terrestrial planet formation (as considered 
here), the terrestrial planetary feeding zones will now be composed not only of material 
initially located immediately adjacent to the forming planet but also presumably sourced 
from a variety of chemical regions within the disk, allowing for less drastic compositional 
variations between planets within a given system. 

We also only consider migration of the giant planet towards the host star. We do 



not allow for it to then move back further out in t 

by 



Walsh et al. 



(1201 laf l: IVeras fc Armitagd ( 120041 ); 



re planetary system, as hy pothesized 



Masset fc Snellgrovd (120011 ). Similarly, 
the presence of other planetary bodies impacts final planetary composition (JD 5 _ .25 
vs JSD5_o.25)- In addition, many of the known extra-solar giant planets have high 



eccentriciti es that are suggestive of violent dynamical histories such as p 



scattering ([Raymond et al 



triggered by migration (ILibert fc Tsiganis 



2010 



Chatter iee et al. 



2011 



2008 



Juric Tremaine 



Moorhead fc Adams 



anet- planet 



20081 )). possibly 



2005|). The effect 



of such instabilities is in almost all cases detrimental to terrestrial planet 



extreme ca ses all terrestrial building blocks are driven into the central star (IRaymond et al 



ormation; in 



2012 



201 lh . 



On the chemical side, the evolutionary time selected for the disk conditions strongly 



-27- 



influences the final terrestrial planet composition. The results displ ayed here are for t 



he 



2010al ). 



time of "best fit" disk conditions as observed for the Solar System (IBond et al. 
If condensation were to occur significantly later, the disk would be cooler, condensation 
fronts would have moved closer to the host star and bulk planetary composition may 
be altered. The biggest impact of such a scenario would be to increase the water and 
Mg-silicate content of a planet and potentially reduce the C content in C-enriched planets. 
Until we learn more about the timing of condensation of solids in the disk, the timing 
of planetesimal and embryo formation from those solids, and the compositional evolution 
throughout the lifetime of a disk, we are required to adopt those parameters that best 
fit the observable data we currently have at hand i.e. the terrestrial planets of the Solar 



System. Furthermore, the choice of dis 



final planetary abundances (jElser et al. 



t mo del has the distinct potential to impact the 



120121 ). The uncertainties introduced by specific disk 
models appears to be somewhat limited in scale and produces only relatively small changes 
in planetary composition. It does not appear to alter the general classification of a planet 
(i.e. an Earth-like planet produced with one radial P and T profile is still Earth-like when 
assuming a different model). 

Considering the numerous assumptions required by studies of this nature and the 
effects they may have on the final planetary composition, it is worth restating that the 
results presented here are only intended to be indicative of the range of terrestrial planets 
possible within extrasolar planetary systems and to place better guidelines on future planet 
search and astrobiological activities. Systems that are believed to have unusual migrational 
and/or formation histories should be considered in detail individually. 
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5. Conclusions 

We have modeled how the compositions of terrestrial planets were affected by four 
different scenarios for giant pl anet migration using a total of 16 high-resolution dynamical 



simulations (including 8 from 



Mandell et al. 



( 120071 )). Using the simulated dynamics 



of accretion as input, we calculated bulk terrestrial planet compositions assuming disk 
compositions from five different stars known to host giant planets (Solar, G1777, HD4203, 
HD19994 and HD213240). This study is the first to consider in detail the impact that giant 
planet migration is expected to have on terrestrial planet compositions. 

Giant planet migration has two key effects on the composition of the simulated 
terrestrial planets. First, migration increases the number of Earth-like planets produced 
by increasing the abundance of Mg-silicates and metallic Fe in the planets that form. 
For the largest degree of migration considered here, at least one Earth-like planet was 
produced in each simulation, regardless of the composition of the disk. This implies that 
Earth-like planets can be expected to be commo n within extrasolar planet ary s ystems. It 



also ind icates that the C-rich planetary bodies of 



Carter-Bond et al. 



f l2012h and 



Bond et al. 



(l2010bl ) are end-member cases and that the true terrestrial planet composition in systems 
with bulk C/O > 0.8 may be somewhat less extreme than previously considered. Second, 
giant planet migration makes possible the delivery of vast amounts of water (as ice and 
serpentine) to the terrestrial planets during the accretion process (see also Raymond et al 
2006). This is likely to result in the production of waterworlds, if taken to the extreme 
case, or more likely produce wet Earths - Earth-like planets with an excess of water. Such 
planets would experience unique planetary processes, given the strong effects of water on 
the nature of planetary processing. 

Numerous Earth-like habitable planets are produced in our simulations, primarily for 
disk compositions with C/O < 0.8. Despite the fact that high C/O systems may produce 
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Earth-like planets, systems with bulk compositions closer to Solar remain our best hope for 
finding a truly habitable Earth twin. All terrestrial planets modeled here are found to be 
lacking key biological elements, but more advanced models that include a broader selection 
of volatile species (i.e. ices, clathrates and hydrates) are expected to result in the delivery of 
the required elements, producing of terrestrial planets favorable to the development of life. 
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A. Online Material: Tables 



Table I. Predicted bulk elemental abundances for all simulated extrasolar terrestrial planets. All values are in wt% 
of the final predicted planet for all five disk compositions examined. Planet number increases with increasing distance 
of the final planet from the host star. Final mass and orbital semi-major axis are listed. 



Simulation M a H Mg O S Fe Al Ca Na Ni Cr P Ti Si N C 

(M ) (AU) 



Solar Composition Disk 



In-situ-1-3 


1 


.260 


0. 


.400 





.00 


11.31 


34 


.23 





.00 


21 


.44 


7. 


.11 


9.19 





.06 


1 


.48 





.26 





.08 


0. 


,43 


14 


.42 





,00 





.00 


In-situ-2-3 


1 


.245 


0. 


.372 





.00 


11.02 


34 


.44 





.00 


20 


.74 


7. 


.54 


9.75 





.08 


1 


.42 





.25 





.08 


0. 


.45 


14 


.22 


0. 


.00 





.00 


In-situ-3-3 


1 


.100 





.345 





.00 


10.79 


34 


.69 





.00 


20 


.10 


7. 


.86 


10.16 





.05 


1 


.37 





.25 





.08 


0. 


.47 


14 


.17 


0. 


00 





.00 


In-situ-4-3 


1 


.178 


0. 


.391 





.00 


10.97 


34 


.39 





.00 


20 


.80 


7. 


.57 


9.78 





.07 


1 


.46 





.25 





.08 





,45 


14 


.18 


0. 


,00 





.00 


JD 5 _i-l-3 





.250 


0. 


.109 





.03 


9.04 


35 


.69 


2 


.19 


16 


.45 


9 


.35 


12.10 





.24 


1 


.11 





.22 





.07 


0, 


.56 


12, 


.96 





,00 





.00 


JDs-i-1-4 





.347 


0. 


.119 





.08 


12.23 


33 


.30 


5. 


.06 


23 


.67 


3 


.72 


4.82 





.43 


1 


.62 





.31 





.10 


0. 


.22 


14 


.43 


0, 


00 





.00 


JD 5 _i-l-5 





.111 





.211 





.02 


15.27 


31 


.21 


1 


.41 


29 


.96 


1 


.47 


1.90 





.18 


2 


.07 





.33 





.10 


0. 


.09 


16 


.00 


0. 


00 





.00 


JD 5 _!-l-6 





.245 


0. 


.259 





.01 


13.87 


31 


.17 


3 


.39 


28 


.45 


2 


.34 


3.03 





.29 


2 


.12 





.30 





.09 


0. 


.14 


14 


.81 





00 





.00 


JD5-1-I-7 





.677 


0. 


.323 





.02 


13.16 


32 


.93 


3 


.36 


24 


.84 


3 


.38 


4.37 





.34 


1 


.58 





.35 





.11 


0. 


.20 


15, 


.35 





.00 





.00 


JD 5 _i-l-8 


1 


.467 


0. 


.418 





.03 


14.62 


31 


.98 


3 


.00 


27 


.87 


1 


.50 


1.94 





.40 


1 


.77 





.40 





.13 


0. 


.09 


16 


.28 





.00 





.00 


JD 5 _!-l-9 


1 


.293 


0. 


.524 





.05 


14.04 


31 


.66 


5 


.41 


26 


.81 


1 


.53 


1.99 





.56 


1 


.71 





.38 





.12 





.09 


15 


.65 


0. 


.00 





.00 


JD5-1-2-4 





.055 





.212 





.00 


14.32 


30 


.29 


6 


.80 


27 


.34 


1 


.10 


1.42 





.59 


1 


.73 





.40 





.12 


0. 


.07 


15 


.82 


0. 


00 





.00 



Table 1 — Continued 



Simulation 


M a 
(M© ) (AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD 5 . 


_i-2-5 


0.044 


0.230 


0.00 


15.47 


31.82 


0.42 


29.59 


1.19 


1.54 


0.38 


1.87 


0.43 


0.13 


0.07 


17.09 


0.00 


0.00 


JD 5 


-1-2-6 


0.440 


0.275 


0.02 


7.56 


36.57 


2.39 


13.27 


11.37 


14.70 


0.22 


0.90 


0.17 


0.05 


0.68 


12.08 


0.00 


0.00 


JD 5 


_i-2-7 


0.263 


0.318 


0.02 


14.78 


31.49 


3.38 


28.60 


1.25 


1.62 


0.39 


1.88 


0.38 


0.12 


0.08 


16.02 


0.00 


0.00 


JD 5 


-i-2-8 


0.632 


0.365 


0.04 


13.69 


32.00 


5.32 


26.21 


2.04 


2.64 


0.48 


1.70 


0.36 


0.11 


0.12 


15.29 


0.00 


0.00 


JD 5 


-i-2-9 


0.375 


0.425 


0.05 


14.64 


31.80 


3.12 


28.59 


1.35 


1.75 


0.34 


1.91 


0.37 


0.11 


0.08 


15.89 


0.00 


0.00 


T"F\ 

JD 5 _ 


1-2-10 


z.z54 


0.540 


0.03 


14.32 


31.93 


3.77 


27.38 


1.65 


2.14 


0.44 


1.76 


0.39 


0.12 


0.10 


15.97 


0.00 


0.00 


JD 5 _ 


i-2-ll 


0.056 


0.683 


0.00 


14.79 


31.08 


3.89 


28.30 


1.13 


1.47 


0.61 


1.79 


0.41 


0.13 


0.07 


16.33 


0.00 


0.00 


JD 5 


_i-3-4 


0.120 


0.278 


1.36 


12.39 


38.58 


5.64 


23.66 


0.95 


1.23 


0.51 


1.50 


0.34 


0.11 


0.06 


13.68 


0.00 


0.00 


JD 5 


_i-3-5 


0.072 


0.327 


1.22 


12.29 


38.58 


6.53 


23.23 


0.93 


1.21 


0.50 


1.47 


0.34 


0.11 


0.06 


13.53 


0.00 


0.00 


JD 5 


_i-3-6 


1.082 


0.388 


1.56 


12.26 


39.50 


5.12 


23.39 


0.94 


1.22 


0.51 


1.48 


0.34 


0.11 


0.06 


13.53 


0.00 


0.00 


JD 5 


_i-3-7 


0.561 


0.457 


2.06 


11.46 


41.92 


5.74 


21.85 


0.88 


1.14 


0.47 


1.38 


0.32 


0.10 


0.05 


12.64 


0.00 


0.00 


JD 5 


_i-3-8 


1.519 


0.566 


1.82 


11.53 


41.52 


6.14 


21.93 


0.88 


1.14 


0.47 


1.39 


0.32 


0.10 


0.05 


12.71 


0.00 


0.00 


JD 5 


_i-3-9 


0.246 


0.668 


0.98 


12.66 


36.65 


6.79 


24.17 


0.97 


1.26 


0.52 


1.53 


0.35 


0.11 


0.06 


13.96 


0.00 


0.00 


JD 5 


-1-4-4 


0.425 


0.266 


0.03 


14.71 


31.66 


3.75 


28.10 


1.13 


1.47 


0.53 


1.79 


0.40 


0.13 


0.07 


16.23 


0.00 


0.00 


JD 5 


_i-4-6 


1.823 


0.372 


0.04 


12.73 


32.97 


3.92 


24.09 


3.76 


4.87 


0.42 


1.55 


0.34 


0.11 


0.23 


14.98 


0.00 


0.00 


JD 5 


-1-4-7 


1.440 


0.522 


0.03 


14.54 


31.72 


3.68 


28.04 


1.34 


1.74 


0.46 


1.82 


0.39 


0.12 


0.08 


16.05 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 

( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD5-0. 25-1-3 


1.141 


0.634 


0.85 


13.29 


36.23 


4.60 


25.40 


1.02 


1.32 


0.46 


1.61 


0.37 


0.11 


0.06 


14.68 


0.00 


0.00 


JD 5 _ .25-l-4 


2.137 


1.774 


1.25 


13.07 


37.93 


3.55 


24.96 


1.00 


1.30 


0.40 


1.58 


0.36 


0.11 


0.06 


14.43 


0.00 


0.00 


JD5-0. 25-1-5 


0.239 


3.956 


0.00 


14.34 


29.97 


7.56 


27.08 


1.09 


1.41 


0.59 


1.72 


0.39 


0.12 


0.07 


15.66 


0.00 


0.00 


JD 5 _ . 25-I-6 


0.896 


3.990 


5.58 


6.86 


60.68 


3.67 


13.06 


0.52 


0.68 


0.28 


0.83 


0.19 


0.06 


0.03 


7.57 


0.00 


0.00 


JD5-0. 25-1-7 


0.487 


5.111 


3.77 


9.52 


51.33 


3.26 


18.15 


0.73 


0.94 


0.26 


1.15 


0.26 


0.08 


0.04 


10.51 


0.00 


0.00 


JD5-O.25-I-8 


0.351 


7.144 


1.56 


11.83 


40.17 


6.34 


22.57 


0.90 


1.17 


0.49 


1.43 


0.33 


0.10 


0.05 


13.06 


0.00 


0.00 


JD 5 _ .25-l-9 


0.262 


10.564 


0.00 


13.72 


32.22 


7.38 


26.29 


1.05 


1.37 


0.57 


1.67 


0.38 


0.12 


0.06 


15.17 


0.00 


0.00 


JDs-0.25-1-10 


0.112 


11.277 


0.00 


14.44 


29.91 


6.65 


27.57 


1.11 


1.44 


0.60 


1.75 


0.40 


0.12 


0.07 


15.95 


0.00 


0.00 


JD5-0.25-I-H 


0.237 


13.086 


0.00 


15.32 


31.80 


0.82 


29.35 


1.18 


1.52 


0.62 


1.86 


0.42 


0.13 


0.07 


16.92 


0.00 


0.00 


JDs-0.25-1-12 


0.902 


15.688 


4.62 


8.04 


55.90 


4.29 


15.26 


0.61 


0.79 


0.33 


0.97 


0.22 


0.07 


0.04 


8.86 


0.00 


0.00 


JD5-0. 25-3-3 


0.321 


1.741 


0.62 


14.22 


35.06 


1.83 


27.17 


1.09 


1.41 


0.59 


1.72 


0.39 


0.12 


0.07 


15.70 


0.00 


0.00 


JD5-0.25-3-4 


0.356 


2.257 


1.12 


13.17 


37.07 


3.94 


25.17 


1.01 


1.31 


0.54 


1.59 


0.36 


0.11 


0.06 


14.54 


0.00 


0.00 


JD5-0. 25-3-5 


1.253 


3.848 


4.51 


8.24 


54.90 


4.41 


15.72 


0.63 


0.82 


0.34 


1.00 


0.23 


0.07 


0.04 


9.10 


0.00 


0.00 


JD5-0. 25-3-6 


1.589 


5.929 


5.58 


6.86 


60.68 


3.67 


13.06 


0.52 


0.68 


0.28 


0.83 


0.19 


0.06 


0.03 


7.57 


0.00 


0.00 


JD5-0. 25-3-7 


0.231 


7.363 


0.00 


13.81 


31.94 


7.41 


26.37 


1.06 


1.37 


0.57 


1.67 


0.38 


0.12 


0.06 


15.24 


0.00 


0.00 


JD5-0. 25-3-8 


1.239 


13.649 


5.58 


6.86 


60.68 


3.67 


13.06 


0.52 


0.68 


0.28 


0.83 


0.19 


0.06 


0.03 


7.57 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 

( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD 5 . 


-0.25-3-9 


0.166 


16.632 


0.00 


13.81 


31.94 


7.41 


26.37 


1.06 


1.37 


0.57 


1.67 


0.38 


0.12 


0.06 


15.24 


0.00 


0.00 


JD 5 - 


■0.25-3-10 


0.221 


18.832 


0.00 


14.17 


30.62 


7.10 


27.08 


1.09 


1.41 


0.59 


1.72 


0.39 


0.12 


0.07 


15.65 


0.00 


0.00 


JD 5 


-0.25-4-3 


1.630 


0.310 


0.46 


9.95 


36.89 


2.78 


18.35 


7.11 


9.18 


0.27 


1.21 


0.24 


0.08 


0.42 


13.07 


0.00 


0.00 


JD 5 


-0.25-4-4 


0.803 


0.470 


1.02 


12.23 


37.59 


3.06 


23.11 


2.74 


3.54 


0.50 


1.46 


0.33 


0.10 


0.16 


14.14 


0.00 


0.00 


JD 5 


-0.25-4-5 


0.918 


1.187 


0.83 


13.57 


36.08 


3.45 


25.94 


1.04 


1.35 


0.56 


1.64 


0.37 


0.12 


0.06 


14.99 


0.00 


0.00 


JD 5 - 


-0.25-4-6 


0.302 


2.388 


1.68 


12.04 


39.35 


6.38 


22.81 


0.92 


1.19 


0.49 


1.45 


0.33 


0.10 


0.06 


13.20 


0.00 


0.00 


JD 5 


-0.25-4-7 


1.060 


2.894 


0.78 


13.05 


36.04 


5.94 


24.90 


1.00 


1.30 


0.47 


1.58 


0.36 


0.11 


0.06 


14.41 


0.00 


0.00 


JD 5 


-0.25-4-8 


0.231 


3.303 


1.01 


13.17 


36.06 


5.06 


25.16 


1.01 


1.31 


0.54 


1.59 


0.36 


0.11 


0.06 


14.54 


0.00 


0.00 


JD 5 


-0.25-4-9 


0.830 


3.369 


5.58 


6.86 


60.68 


3.67 


13.06 


0.52 


0.68 


0.28 


0.83 


0.19 


0.06 


0.03 


7.57 


0.00 


0.00 


JD 5 - 


0.25-4-10 


0.142 


3.697 


0.82 


12.74 


36.29 


6.85 


24.37 


0.98 


1.27 


0.53 


1.54 


0.35 


0.11 


0.06 


14.08 


0.00 


0.00 


JD 5 _ 


0.25-4-H 


0.140 


3.832 


2.55 


11.47 


45.07 


2.00 


21.91 


0.88 


1.14 


0.47 


1.39 


0.32 


0.10 


0.05 


12.67 


0.00 


0.00 


JD 5 - 


-0.25-4-12 


0.392 


3.893 


1.01 


12.85 


35.73 


6.84 


24.52 


0.98 


1.28 


0.53 


1.56 


0.35 


0.11 


0.06 


14.18 


0.00 


0.00 


JD 5 - 


-0.25-4-13 


0.464 


4.546 


1.61 


11.74 


40.43 


6.31 


22.47 


0.90 


1.17 


0.49 


1.42 


0.32 


0.10 


0.05 


12.98 


0.00 


0.00 


JD 5 - 


0.25-4-14 


0.188 


7.903 


0.21 


14.03 


30.91 


7.21 


26.81 


1.08 


1.40 


0.58 


1.70 


0.39 


0.12 


0.06 


15.50 


0.00 


0.00 


JD 5 - 


0.25-4-15 


0.129 


8.959 


0.00 


13.74 


32.19 


7.39 


26.28 


1.05 


1.37 


0.57 


1.67 


0.38 


0.12 


0.06 


15.18 


0.00 


0.00 


JD 5 - 


0.25-4-16 


0.215 


10.641 


0.00 


13.74 


32.09 


7.40 


26.35 


1.06 


1.37 


0.57 


1.67 


0.38 


0.12 


0.06 


15.20 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 

( M e ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD 5 ^ 


0.25-5-3 


4.149 


0.120 


0.17 


13.63 


33.02 


5.17 


25.95 


1.77 


2.29 


0.47 


1.65 


0.37 


0.12 


0.11 


15.29 


0.00 


0.00 


JD 5 - 


-0.25-5-4 


3.055 


0.911 


1.02 


13.24 


36.42 


4.19 


25.51 


1.09 


1.41 


0.45 


1.65 


0.36 


0.11 


0.07 


14.51 


0.00 


0.00 


JD 5 - 


-0.25-5-5 


0.554 


2.965 


1.50 


12.75 


39.26 


3.24 


24.35 


0.98 


1.27 


0.53 


1.54 


0.35 


0.11 


0.06 


14.07 


0.00 


0.00 


JD 5 - 


0.25-5-6 


0.316 


3.388 


0.02 


14.43 


30.26 


6.32 


27.57 


1.11 


1.44 


0.60 


1.75 


0.40 


0.12 


0.07 


15.93 


0.00 


0.00 


JD 5 - 


-0.25-5-7 


0.223 


9.559 


2.14 


11.45 


42.03 


5.57 


21.83 


0.88 


1.14 


0.47 


1.38 


0.32 


0.10 


0.05 


12.64 


0.00 


0.00 


JD 5 - 


-0.25-5-8 


0.581 


13.231 


5.58 


6.86 


60.68 


3.67 


13.06 


0.52 


0.68 


0.28 


0.83 


0.19 


0.06 


0.03 


7.57 


0.00 


0.00 


JD 5 _ 


o.25-o-y 


0.288 


13.260 


0.27 


13.43 


33.61 


7.19 


25.61 


1.03 


1.33 


0.55 


1.62 


0.37 


0.12 


0.06 


14.81 


0.00 


0.00 


JD 5 - 


0.25-5-10 


0.308 


13.808 


0.00 


13.76 


32.24 


7.37 


26.24 


1.05 


1.37 


0.57 


1.66 


0.38 


0.12 


0.06 


15.18 


0.00 


0.00 


JSD 5 


-0.25-1-4 


0.459 


0.194 


1.25 


12.86 


38.42 


4.00 


24.55 


0.98 


1.28 


0.38 


1.56 


0.35 


0.11 


0.06 


14.20 


0.00 


0.00 


JSD 5 


-0.25-1-5 


0.455 


0.866 


0.57 


13.19 


34.50 


7.02 


25.17 


1.01 


1.31 


0.54 


1.60 


0.36 


0.11 


0.06 


14.56 


0.00 


0.00 


JSD 5 


-0.25-1-6 


1.465 


1.639 


0.47 


13.69 


34.22 


5.17 


26.15 


1.05 


1.36 


0.56 


1.66 


0.38 


0.12 


0.06 


15.11 


0.00 


0.00 


JSD 5 


-0.25-1-7 


0.459 


2.238 


0.26 


14.29 


32.21 


4.68 


27.34 


1.10 


1.42 


0.59 


1.73 


0.39 


0.12 


0.07 


15.79 


0.00 


0.00 


JSD 5 


-0.25-1-8 


0.291 


3.460 


0.54 


13.12 


34.82 


7.03 


25.04 


1.00 


1.30 


0.54 


1.59 


0.36 


0.11 


0.06 


14.48 


0.00 


0.00 


JSD 5 


-0.25-1-9 


0.180 


4.994 


0.43 


14.98 


34.05 


0.28 


28.60 


1.15 


1.49 


0.05 


1.81 


0.41 


0.13 


0.07 


16.55 


0.00 


0.00 


JSD 5 


-0.25-2-4 


0.379 


0.145 


0.54 


12.96 


35.49 


6.97 


24.80 


0.99 


1.29 


0.54 


1.57 


0.36 


0.11 


0.06 


14.32 


0.00 


0.00 


JSD 5 


-0.25-2-5 


0.139 


0.256 


0.63 


13.60 


33.81 


5.88 


25.93 


1.04 


1.35 


0.56 


1.64 


0.38 


0.12 


0.06 


15.01 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M a 
(M® ) (AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JSD 5 . 


-0.25-2-6 


0.410 


0.752 


1.42 


12.44 


39.39 


4.55 


23.74 


0.95 


1.23 


0.51 


1.50 


0.34 


0.11 


0.06 


13.74 


0.00 


0.00 


JSD 5 . 


-0.25-2-7 


1.772 


1.403 


1.37 


12.90 


38.59 


3.40 


24.65 


0.99 


1.28 


0.49 


1.56 


0.36 


0.11 


0.06 


14.24 


0.00 


0.00 


JSD 5 . 


-0.25-2-8 


0.951 


3.072 


5.58 


6.86 


60.68 


3.67 


13.06 


0.52 


0.68 


0.28 


0.83 


0.19 


0.06 


0.03 


7.57 


0.00 


0.00 


JSD 5 . 


-0.25-2-9 


0.596 


4.159 


0.57 


13.52 


34.77 


5.40 


25.81 


1.03 


1.34 


0.44 


1.64 


0.37 


0.12 


0.06 


14.92 


0.00 


0.00 


JSD 5 . 


-0.25-3-4 


1.243 


0.074 


0.25 


12.63 


34.06 


5.26 


23.87 


2.92 


3.77 


0.46 


1.52 


0.34 


0.11 


0.17 


14.63 


0.00 


0.00 


JSD 5 . 


-0.25-3-5 


3.230 


0.107 


0.17 


11.99 


34.22 


2.42 


22.92 


4.91 


6.35 


0.38 


1.54 


0.30 


0.09 


0.29 


14.42 


0.00 


0.00 


inn 
JSD5. 


-0.25-0-0 


0.117 


0.409 


0.27 


14.65 


32.93 


2.39 


28.03 


1.12 


1.46 


0.61 


1.77 


0.40 


0.13 


0.07 


16.18 


0.00 


0.00 


JSD5. 


-0.25-3-7 


0.677 


0.508 


0.48 


12.38 


35.77 


1.62 


23.16 


4.12 


5.32 


0.21 


1.47 


0.33 


0.10 


0.25 


14.79 


0.00 


0.00 


JSD5. 


-0.25-3-8 


0.737 


0.609 


0.34 


14.87 


33.42 


1.17 


28.60 


1.22 


1.58 


0.13 


1.87 


0.38 


0.12 


0.07 


16.22 


0.00 


0.00 


JSD5. 


-0.25-3-9 


0.238 


1.164 


0.84 


12.72 


36.53 


6.81 


24.26 


0.97 


1.26 


0.52 


1.54 


0.35 


0.11 


0.06 


14.03 


0.00 


0.00 


JSD 5 _ 


0.25-3-10 


0.189 


2.336 


0.41 


13.72 


32.06 


7.27 


26.19 


1.05 


1.37 


0.57 


1.66 


0.38 


0.12 


0.06 


15.15 


0.00 


0.00 


JSD 5 _ 


0.25-3-H 


0.133 


2.619 


0.27 


14.65 


32.93 


2.39 


28.03 


1.12 


1.46 


0.61 


1.77 


0.40 


0.13 


0.07 


16.18 


0.00 


0.00 


JSD 5 _ 


0.25-3-12 


0.326 


3.676 


0.80 


12.74 


36.49 


6.82 


24.28 


0.97 


1.26 


0.52 


1.54 


0.35 


0.11 


0.06 


14.06 


0.00 


0.00 


JSD 5 _ 


0.25-3-13 


0.174 


3.946 


0.22 


13.44 


33.36 


7.24 


25.76 


1.03 


1.34 


0.56 


1.63 


0.37 


0.12 


0.06 


14.87 


0.00 


0.00 


JSD 5 _ 


0.25-3-14 


0.614 


4.469 


5.58 


6.86 


60.68 


3.67 


13.06 


0.52 


0.68 


0.28 


0.83 


0.19 


0.06 


0.03 


7.57 


0.00 


0.00 


JSD 5 . 


-0.25-4-4 


1.113 


0.248 


0.47 


13.28 


34.48 


6.72 


25.36 


1.02 


1.32 


0.55 


1.61 


0.37 


0.11 


0.06 


14.66 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 


a 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 




(M ) (AU) 
































JSDs-o.25-4-5 


0.770 


0.557 


1.16 


12.88 


38.31 


4.08 


24.56 


0.99 


1.28 


0.43 


1.56 


0.35 


0.11 


0.06 


14.22 


0.00 


0.00 


JSDs-o.25-4-6 


0.364 


0.909 


1.54 


12.72 


39.17 


3.67 


24.25 


0.97 


1.26 


0.33 


1.54 


0.35 


0.11 


0.06 


14.04 


0.00 


0.00 


JSDs-o.25-4-7 


0.635 


1.258 


1.15 


12.45 


37.57 


6.58 


23.78 


0.95 


1.24 


0.51 


1.51 


0.34 


0.11 


0.06 


13.75 


0.00 


0.00 


JSDs-o.25-4-8 


0.105 


2.667 


0.05 


14.01 


30.87 


7.52 


26.78 


1.07 


1.39 


0.58 


1.70 


0.39 


0.12 


0.06 


15.47 


0.00 


0.00 


JSDs-o.25-4-9 


1.322 


3.047 


3.62 


9.27 


50.71 


4.97 


17.68 


0.71 


0.92 


0.38 


1.12 


0.26 


0.08 


0.04 


10.23 


0.00 


0.00 



G1777 Composition Disk 



In-situ-1-3 


1.260 


0.400 


0.00 


13.75 


35.78 


0.66 


16.39 


12.02 


8.14 


0.01 


1.15 


0.18 


0.10 


0.67 


11.14 


0.01 


0.01 


In-situ-2-3 


1.245 


0.372 


0.00 


13.54 


35.97 


0.59 


15.92 


12.44 


8.42 


0.03 


1.12 


0.17 


0.10 


0.69 


10.95 


0.01 


0.04 


In-situ-3-3 


1.100 


0.345 


0.00 


13.48 


35.99 


0.63 


15.82 


12.58 


8.51 


0.01 


1.12 


0.17 


0.10 


0.70 


10.88 


0.01 


0.01 


In-situ-4-3 


1.178 


0.391 


0.00 


13.31 


36.19 


0.53 


15.44 


12.89 


8.72 


0.04 


1.09 


0.17 


0.10 


0.71 


10.77 


0.01 


0.04 


JD 5 _i-l-3 


0.250 


0.109 


0.02 


12.39 


37.32 


1.83 


13.55 


13.20 


8.93 


0.29 


0.92 


0.16 


0.09 


0.74 


10.51 


0.00 


0.05 


JDs-i-1-4 


0.347 


0.119 


0.06 


14.71 


35.85 


3.83 


19.16 


6.64 


4.49 


0.56 


1.25 


0.24 


0.13 


0.37 


12.66 


0.00 


0.04 


JD 5 _i-l-5 


0.111 


0.211 


0.01 


15.09 


35.24 


1.18 


18.81 


8.78 


5.95 


0.24 


1.50 


0.18 


0.10 


0.48 


12.33 


0.00 


0.13 


JD 5 _i-l-6 


0.245 


0.259 


0.00 


12.96 


36.68 


2.66 


14.62 


11.72 


7.93 


0.38 


0.99 


0.18 


0.10 


0.66 


11.09 


0.00 


0.04 



Table 1 — Continued 



Simulation 


M a 
(M© ) (AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD 5 . 


_i-l-7 


0.677 


0.323 


0.01 


16.38 


33.47 


2.89 


23.17 


4.48 


3.04 


0.43 


1.56 


0.27 


0.15 


0.25 


13.78 


0.00 


0.11 


JD 5 


_i-l-8 


1.467 


0.418 


0.02 


17.61 


32.49 


2.98 


25.43 


2.10 


1.42 


0.49 


1.66 


0.31 


0.17 


0.11 


14.98 


0.01 


0.22 


JD 5 


_i-l-9 


1.293 


0.524 


0.04 


16.93 


33.08 


4.29 


24.18 


2.25 


1.52 


0.69 


1.57 


0.30 


0.16 


0.12 


14.75 


0.00 


0.12 


JD 5 


_i-2-4 


0.055 


0.212 


0.00 


17.28 


31.87 


5.19 


25.02 


1.52 


1.03 


0.78 


1.62 


0.31 


0.17 


0.09 


15.12 


0.00 


0.00 


JD 5 


-i-2-5 


0.044 


0.230 


0.00 


18.30 


31.18 


2.69 


26.53 


1.61 


1.10 


0.12 


1.72 


0.33 


0.18 


0.09 


16.04 


0.02 


0.08 


JD 5 


-i-2-6 


0.440 


0.275 


0.01 


11.09 


38.33 


1.90 


10.78 


15.63 


10.58 


0.28 


0.73 


0.13 


0.07 


0.87 


9.55 


0.00 


0.04 


JD 5 


-i-2-7 


0.263 


0.318 


0.01 


16.00 


33.87 


3.32 


21.69 


5.04 


3.41 


0.48 


1.43 


0.27 


0.15 


0.28 


13.88 


0.01 


0.17 


JD 5 


-i-2-8 


0.632 


0.365 


0.02 


16.18 


33.82 


4.12 


22.68 


3.85 


2.61 


0.63 


1.51 


0.27 


0.15 


0.21 


13.84 


0.00 


0.10 


JD 5 


-i-2-9 


0.375 


0.425 


0.02 


16.73 


33.73 


2.63 


23.35 


4.25 


2.87 


0.38 


1.64 


0.25 


0.15 


0.23 


13.72 


0.00 


0.05 


JD 5 _ 


1-2-10 


2.254 


0.540 


0.02 


17.18 


32.96 


3.26 


24.62 


2.58 


1.75 


0.55 


1.61 


0.30 


0.17 


0.14 


14.68 


0.00 


0.17 


JD 5 _ 


i-2-ll 


0.056 


0.683 


0.00 


17.47 


31.91 


3.69 


25.31 


1.54 


1.05 


0.79 


1.64 


0.32 


0.17 


0.09 


15.30 


0.00 


0.74 


JD 5 


_i-3-4 


0.120 


0.278 


0.01 


15.51 


34.95 


1.77 


20.50 


6.79 


4.59 


0.51 


1.35 


0.25 


0.14 


0.38 


13.17 


0.00 


0.07 


JD 5 - 


_i-3-5 


0.072 


0.327 


0.00 


17.73 


32.68 


1.95 


25.63 


1.56 


1.06 


0.80 


1.66 


0.32 


0.17 


0.07 


15.51 


0.00 


0.87 


JD 5 


_i-3-6 


1.082 


0.388 


0.02 


15.69 


34.35 


2.82 


21.25 


6.01 


4.07 


0.41 


1.44 


0.25 


0.14 


0.33 


13.15 


0.00 


0.06 


JD 5 


-i-3-7 


0.561 


0.457 


0.01 


17.79 


32.65 


3.01 


25.94 


1.84 


1.24 


0.46 


1.75 


0.30 


0.17 


0.09 


14.66 


0.01 


0.09 


JD 5 


-i-3-8 


1.519 


0.566 


0.03 


17.36 


32.80 


3.91 


25.10 


1.53 


1.04 


0.69 


1.63 


0.31 


0.17 


0.08 


15.10 


0.00 


0.25 



Table 1 — Continued 



Simulation 


M 


a 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 




(M® ) 


(AU) 
































JD 5 _i-3-9 


0.246 


0.668 


0.02 


17.80 


32.13 


3.11 


25.77 


1.57 


1.06 


0.53 


1.67 


0.32 


0.18 


0.09 


15.56 


0.01 


0.18 


JDs-i-4-4 


0.425 


0.266 


0.02 


17.55 


32.50 


3.11 


25.53 


1.78 


1.20 


0.68 


1.71 


0.30 


0.17 


0.09 


15.00 


0.00 


0.35 


JD 5 _i-4-6 


1.823 


0.372 


0.02 


15.72 


34.23 


3.27 


21.47 


5.36 


3.63 


0.53 


1.41 


0.26 


0.14 


0.30 


13.54 


0.00 


0.12 


JD5-1-4-7 


1.440 


0.522 


0.02 


17.17 


33.02 


3.18 


24.51 


2.63 


1.78 


0.57 


1.59 


0.30 


0.17 


0.14 


14.69 


0.00 


0.24 


JD5-0. 25-1-3 


1.141 


0.634 


0.83 


16.03 


36.91 


4.05 


23.15 


1.40 


0.95 


0.54 


1.50 


0.29 


0.16 


0.08 


13.97 


0.01 


0.13 


JD5-0.25-1-4 


2.137 


1.774 


1.24 


15.77 


38.79 


3.07 


22.81 


1.39 


0.94 


0.42 


1.48 


0.29 


0.16 


0.07 


13.51 


0.01 


0.07 


JD 5 _ . 25-1-5 


0.239 


3.956 


0.00 


16.95 


32.58 


5.58 


24.58 


1.50 


1.02 


0.77 


1.59 


0.31 


0.17 


0.08 


14.87 


0.00 


0.00 


JD 5 _ .25-l-6 


0.896 


3.990 


5.51 


8.32 


61.46 


2.76 


12.08 


0.73 


0.50 


0.28 


0.78 


0.15 


0.08 


0.04 


7.30 


0.00 


0.00 


JD5_o. 25-1-7 


0.487 


5.111 


3.72 


11.44 


51.79 


3.18 


16.49 


1.00 


0.68 


0.27 


1.07 


0.21 


0.11 


0.06 


9.98 


0.01 


0.01 


JD5-0.25-1-8 


0.351 


7.144 


1.54 


14.34 


42.03 


4.68 


20.50 


1.25 


0.85 


0.61 


1.33 


0.26 


0.14 


0.07 


12.41 


0.00 


0.00 


JD 5 _ .25-l-9 


0.262 


10.564 


0.00 


16.66 


34.54 


5.42 


23.75 


1.45 


0.98 


0.74 


1.54 


0.30 


0.16 


0.08 


14.38 


0.00 


0.00 


JD5-0.25-1-10 


0.112 


11.277 


0.00 


17.40 


31.38 


5.12 


25.26 


1.54 


1.04 


0.79 


1.63 


0.32 


0.17 


0.09 


15.26 


0.00 


0.00 


JD5-0.25-1-11 


0.237 


13.086 


0.00 


17.90 


32.00 


1.72 


25.96 


1.58 


1.07 


0.79 


1.68 


0.33 


0.18 


0.09 


15.70 


0.00 


1.00 


JD5-0.25-1-12 


0.902 


15.688 


4.59 


9.66 


57.06 


3.20 


14.03 


0.85 


0.58 


0.33 


0.91 


0.18 


0.10 


0.05 


8.48 


0.00 


0.00 


JD5-0. 25-3-3 


0.321 


1.741 


0.62 


16.77 


35.65 


1.71 


24.29 


1.48 


1.00 


0.74 


1.57 


0.31 


0.17 


0.06 


14.69 


0.00 


0.92 



Table 1 — Continued 



Simulation 


M 

( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD 5 _o.25-3-4 


0.356 


2.257 


1.11 


15.61 


37.88 


3.56 


22.63 


1.38 


0.94 


0.68 


1.47 


0.28 


0.15 


0.08 


13.69 


0.00 


0.54 


JD5_o.25"3-5 


1.253 


3.848 


4.46 


9.97 


55.95 


3.30 


14.46 


0.88 


0.60 


0.37 


0.94 


0.18 


0.10 


0.05 


8.74 


0.00 


0.00 


JD5-0. 25-3-6 


1.589 


5.929 


5.51 


8.32 


61.46 


2.76 


12.08 


0.73 


0.50 


0.28 


0.78 


0.15 


0.08 


0.04 


7.30 


0.00 


0.00 


JD5-0. 25-3-7 


0.231 


7.363 


0.00 


16.93 


32.67 


5.60 


24.54 


1.50 


1.01 


0.77 


1.59 


0.31 


0.17 


0.08 


14.84 


0.00 


0.00 


JD5-0. 25-3-8 


1.239 


13.649 


5.51 


8.32 


61.46 


2.76 


12.08 


0.73 


0.50 


0.28 


0.78 


0.15 


0.08 


0.04 


7.30 


0.00 


0.00 


JD5-0. 25-3-9 


0.166 


16.632 


0.24 


16.30 


35.69 


5.31 


23.25 


1.42 


0.96 


0.72 


1.51 


0.29 


0.16 


0.08 


14.07 


0.00 


0.00 


JD5-0.25-3-10 


0.221 


18.832 


0.00 


17.30 


31.75 


5.22 


25.06 


1.53 


1.03 


0.78 


1.62 


0.31 


0.17 


0.09 


15.14 


0.00 


0.00 


JD5-0.25-4-3 


1.630 


0.310 


0.44 


12.04 


38.65 


2.35 


15.12 


11.04 


7.15 


0.33 


1.01 


0.18 


0.10 


0.62 


10.94 


0.00 


0.04 


JD5-0.25-4-4 


0.803 


0.470 


1.01 


14.43 


38.68 


2.60 


20.76 


3.95 


2.44 


0.62 


1.34 


0.26 


0.14 


0.22 


13.10 


0.00 


0.44 


JD5-0.25-4-5 


0.918 


1.187 


0.82 


16.18 


37.22 


2.77 


23.36 


1.42 


0.96 


0.71 


1.51 


0.29 


0.16 


0.07 


14.13 


0.00 


0.39 


JD5-0.25-4-6 


0.302 


2.388 


1.66 


14.34 


41.37 


4.73 


20.78 


1.27 


0.86 


0.62 


1.35 


0.26 


0.14 


0.07 


12.57 


0.00 


0.00 


JD5-0.25-4-7 


1.060 


2.894 


0.76 


15.81 


37.56 


4.45 


22.89 


1.40 


0.95 


0.60 


1.49 


0.29 


0.16 


0.08 


13.58 


0.00 


0.00 


JD 5 _ .25-4-8 


0.231 


3.303 


1.00 


15.78 


37.14 


4.09 


22.88 


1.39 


0.94 


0.70 


1.48 


0.29 


0.16 


0.08 


13.83 


0.00 


0.24 


JD 5 _ .25-4-9 


0.830 


3.369 


5.51 


8.32 


61.46 


2.76 


12.08 


0.73 


0.50 


0.28 


0.78 


0.15 


0.08 


0.04 


7.30 


0.00 


0.00 


JD5-0.25-4-10 


0.142 


3.697 


0.81 


15.66 


36.89 


5.18 


22.71 


1.38 


0.94 


0.69 


1.47 


0.29 


0.16 


0.08 


13.74 


0.00 


0.00 


JD5-0.25-4-11 


0.140 


3.832 


2.52 


13.75 


45.59 


1.96 


19.69 


1.20 


0.81 


0.43 


1.27 


0.25 


0.13 


0.07 


12.00 


0.01 


0.32 


JD5-0.25-4-12 


0.392 


3.893 


1.00 


15.39 


37.83 


5.06 


22.31 


1.36 


0.92 


0.68 


1.44 


0.28 


0.15 


0.08 


13.49 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 

( M e ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD5-0.25-4-13 


0.464 


4.546 


1.59 


14.25 


42.32 


4.65 


20.38 


1.24 


0.84 


0.61 


1.32 


0.26 


0.14 


0.07 


12.33 


0.00 


0.00 


JD5-0.25-4-14 


0.188 


7.903 


0.20 


16.94 


32.57 


5.42 


24.59 


1.50 


1.01 


0.76 


1.59 


0.31 


0.17 


0.08 


14.85 


0.00 


0.00 


JD5-0.25-4-15 


0.129 


8.959 


0.00 


16.69 


34.38 


5.44 


23.82 


1.45 


0.98 


0.74 


1.54 


0.30 


0.16 


0.08 


14.41 


0.00 


0.00 


JDg-o.25-4-16 


0.215 


10.641 


0.00 


16.96 


32.57 


5.61 


24.57 


1.50 


1.01 


0.77 


1.59 


0.31 


0.17 


0.08 


14.86 


0.00 


0.00 


JD5-0. 25-5-3 


4.149 


0.120 


0.15 


16.47 


34.26 


4.29 


23.46 


2.56 


1.67 


0.58 


1.52 


0.29 


0.16 


0.14 


14.38 


0.00 


0.06 


JD 5 _ .25-5-4 


3.055 


0.911 


1.01 


15.55 


37.91 


3.34 


22.26 


2.29 


1.55 


0.56 


1.46 


0.27 


0.15 


0.12 


13.32 


0.00 


0.20 


JD 5 _ . 25-5-5 


0.554 


2.965 


1.49 


15.16 


40.18 


2.73 


21.96 


1.34 


0.91 


0.64 


1.42 


0.28 


0.15 


0.07 


13.28 


0.00 


0.40 


JD 5 _ . 25-5-6 


0.316 


3.388 


0.02 


17.35 


31.69 


4.96 


25.14 


1.53 


1.04 


0.78 


1.63 


0.32 


0.17 


0.09 


15.21 


0.00 


0.08 


JD 5 _ . 25-5-7 


0.223 


9.559 


2.12 


13.84 


43.35 


4.23 


19.92 


1.21 


0.82 


0.57 


1.29 


0.25 


0.14 


0.07 


12.10 


0.00 


0.08 


JD5_o. 25-5-8 


0.581 


13.231 


5.51 


8.32 


61.46 


2.76 


12.08 


0.73 


0.50 


0.28 


0.78 


0.15 


0.08 


0.04 


7.30 


0.00 


0.00 


JD 5 _ . 25-5-9 


0.288 


13.260 


0.27 


16.26 


35.80 


5.30 


23.20 


1.41 


0.96 


0.72 


1.50 


0.29 


0.16 


0.08 


14.05 


0.00 


0.00 


JDg-o.25-5-10 


0.308 


13.808 


0.00 


16.66 


34.54 


5.42 


23.75 


1.45 


0.98 


0.74 


1.54 


0.30 


0.16 


0.08 


14.38 


0.00 


0.00 


JSDg-o.25-1-4 


0.459 


0.194 


1.23 


15.49 


38.76 


3.84 


22.44 


1.37 


0.93 


0.44 


1.45 


0.28 


0.15 


0.08 


13.50 


0.01 


0.04 


JSD5_o. 25-1-5 


0.455 


0.866 


0.49 


16.01 


36.07 


5.24 


23.12 


1.41 


0.95 


0.72 


1.50 


0.29 


0.16 


0.08 


13.97 


0.00 


0.00 


JSD 5 _ .25-l-6 


1.465 


1.639 


0.45 


16.44 


35.66 


4.08 


23.76 


1.44 


0.98 


0.66 


1.54 


0.30 


0.16 


0.08 


14.37 


0.00 


0.08 


JSD5_o. 25-1-7 


0.459 


2.238 


0.25 


17.20 


33.38 


3.61 


24.90 


1.52 


1.03 


0.77 


1.61 


0.31 


0.17 


0.08 


15.07 


0.00 


0.09 



Table 1 — Continued 



Simulation 


M a 
(M® ) (AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


Tnr\ 
JSD5- 


-0.25-J--O 


0.291 


3.460 


0.53 


16.02 


36.46 


5.22 


22.88 


1.39 


0.94 


0.70 


1.48 


0.29 


0.16 


0.08 


13.84 


0.00 


0.00 


JSD5. 


-0.25-1-9 


0.180 


4.994 


0.43 


18.31 


34.01 


0.81 


26.65 


1.62 


1.10 


0.05 


1.73 


0.33 


0.18 


0.07 


14.65 


0.01 


0.05 


JSD 5 _ 


-0.25-2-4 


0.379 


0.145 


0.53 


15.83 


37.19 


5.16 


22.62 


1.38 


0.93 


0.70 


1.46 


0.28 


0.15 


0.08 


13.68 


0.00 


0.00 


JSD 5 _ 


-0.25-2-5 


0.139 


0.256 


0.64 


16.33 


35.15 


4.65 


23.70 


1.44 


0.98 


0.71 


1.53 


0.30 


0.16 


0.08 


14.32 


0.00 


0.00 


JSD 5 . 


-0.25-2-6 


0.410 


0.752 


1.40 


14.94 


40.74 


3.38 


21.48 


1.30 


0.88 


0.65 


1.39 


0.27 


0.15 


0.07 


13.00 


0.00 


0.36 


JSD 5 . 


-0.25-2-7 


1.772 


1.403 


1.35 


15.41 


39.39 


3.09 


22.31 


1.36 


0.92 


0.53 


1.44 


0.28 


0.15 


0.07 


13.49 


0.00 


0.19 


JSD 5 _ 


-0.25-2-8 


0.951 


3.072 


5.51 


8.32 


61.46 


2.76 


12.08 


0.73 


0.50 


0.28 


0.78 


0.15 


0.08 


0.04 


7.30 


0.00 


0.00 


JSD 5 _ 


-0.25-2-9 


0.596 


4.159 


0.55 


16.34 


35.78 


4.68 


23.44 


1.42 


0.95 


0.55 


1.52 


0.29 


0.16 


0.08 


14.21 


0.01 


0.01 


JSD 5 _ 


-0.25-3-4 


1.243 


0.074 


0.23 


15.16 


35.62 


4.12 


21.60 


4.34 


2.65 


0.58 


1.40 


0.27 


0.15 


0.24 


13.57 


0.00 


0.07 


JSD 5 . 


-0.25-3-5 


3.230 


0.107 


0.16 


14.15 


36.14 


2.15 


18.33 


8.39 


5.61 


0.45 


1.22 


0.22 


0.12 


0.47 


12.37 


0.00 


0.20 


JSD 5 _ 


-0.25-3-6 


0.117 


0.409 


0.26 


17.22 


33.46 


2.51 


24.96 


1.52 


1.03 


0.77 


1.62 


0.31 


0.17 


0.08 


15.09 


0.00 


0.98 


JSD 5 _ 


-0.25-3-7 


0.677 


0.508 


0.48 


15.73 


36.01 


1.85 


21.58 


5.39 


3.65 


0.21 


1.42 


0.25 


0.15 


0.29 


12.91 


0.01 


0.06 


JSD 5 _ 


-0.25-3-8 


0.737 


0.609 


0.34 


16.55 


34.80 


1.72 


22.97 


4.59 


3.10 


0.15 


1.53 


0.27 


0.15 


0.25 


13.53 


0.01 


0.03 


JSD 5 . 


-0.25-3-9 


0.238 


1.164 


0.82 


15.42 


38.56 


5.02 


22.01 


1.34 


0.91 


0.67 


1.42 


0.28 


0.15 


0.08 


13.32 


0.00 


0.00 


JSD 5 _ 


0.25-3-10 


0.189 


2.336 


0.41 


16.33 


34.68 


5.36 


23.68 


1.44 


0.98 


0.73 


1.53 


0.30 


0.16 


0.08 


14.32 


0.00 


0.00 


JSD 5 _ 


0.25-3-11 


0.133 


2.619 


0.26 


17.22 


33.46 


2.51 


24.96 


1.52 


1.03 


0.77 


1.62 


0.31 


0.17 


0.08 


15.09 


0.00 


0.98 



Table 1 — Continued 



Simulation 


M 


a 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 






(M ) (AU) 
































JSD 5 _ 


0.25-3-12 


0.326 


3.676 


0.70 


15.47 


38.09 


5.08 


22.28 


1.36 


0.92 


0.68 


1.44 


0.28 


0.15 


0.08 


13.46 


0.00 


0.00 


JSD 5 _ 


0.25-3-13 


0.174 


3.946 


0.22 


16.32 


35.62 


5.31 


23.28 


1.42 


0.96 


0.72 


1.51 


0.29 


0.16 


0.08 


14.09 


0.00 


0.00 


JSD 5 _ 


-0.25-3-14 


0.614 


4.469 


5.51 


8.32 


61.46 


2.76 


12.08 


0.73 


0.50 


0.28 


0.78 


0.15 


0.08 


0.04 


7.30 


0.00 


0.00 


JSD 5 . 


-0.25-4-4 


1.113 


0.248 


0.43 


16.20 


35.92 


5.03 


23.23 


1.40 


0.94 


0.71 


1.50 


0.29 


0.16 


0.08 


14.07 


0.00 


0.03 


JSD 5 . 


-0.25-4-5 


0.770 


0.557 


1.12 


15.61 


39.07 


3.12 


22.97 


1.45 


0.97 


0.54 


1.52 


0.27 


0.16 


0.07 


13.05 


0.00 


0.10 


JSD 5 . 


-0.25-4-6 


0.364 


0.909 


1.53 


15.43 


40.09 


2.88 


22.46 


1.37 


0.93 


0.40 


1.46 


0.28 


0.15 


0.07 


12.95 


0.00 


0.02 


JSD 5 . 


-0.25-4-7 


0.635 


1.258 


1.14 


15.17 


38.91 


4.92 


21.84 


1.33 


0.90 


0.65 


1.41 


0.27 


0.15 


0.07 


13.22 


0.00 


0.00 


JSD 5 . 


-0.25-4-8 


0.105 


2.667 


0.03 


16.86 


32.87 


5.58 


24.45 


1.49 


1.01 


0.76 


1.58 


0.31 


0.17 


0.08 


14.79 


0.00 


0.00 


JSD 5 . 


-0.25-4-9 


1.322 


3.047 


3.58 


11.25 


52.02 


3.69 


16.18 


0.98 


0.67 


0.44 


1.05 


0.20 


0.11 


0.06 


9.78 


0.00 


0.00 



HD4203 Composition Disk 



In-situ-1-3 



1.260 0.400 0.00 3.00 4.71 0.84 14.66 0.80 0.44 0.00 1.02 0.16 0.16 0.11 19.20 0.21 54.68 



In-situ-2-3 1.245 0.372 0.00 2.98 4.75 0.80 14.07 0.75 0.40 0.02 0.98 0.15 0.16 0.11 19.40 0.19 55.23 
In-situ-3-3 1.100 0.345 0.00 2.82 4.34 0.81 14.43 0.78 0.41 0.00 1.01 0.15 0.16 0.11 19.46 0.21 55.31 



In-situ-4-3 1.178 0.391 0.00 2.72 4.31 0.74 13.90 0.74 0.40 0.02 0.97 0.15 0.16 0.11 19.70 0.20 55.87 



Table 1 — Continued 



Simulation 


M a 
(M ) (AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 




p 


Ti 


Si 


N 


C 


JD 5 - 


.1-1-3 


0.250 


0.109 


0.02 


6.22 


13.00 


1.60 


12.29 


0.69 


0.41 


0.25 


0.83 


0.14 


0. 


.15 


0.11 


19.81 


0.05 


44.42 


JD 5 


.1-1-4 


0.347 


0.119 


0.04 


11.39 


24.91 


3.21 


17.70 


1.09 


0.68 


0.52 


1.18 


0.22 


0. 


.13 


0.08 


17.16 


0.02 


21.68 


JD 5 


-i-l-5 


0.111 


0.211 


0.00 


4.28 


8.58 


1.13 


16.59 


0.77 


0.44 


0.19 


1.24 


0.16 


0. 


.18 


0.11 


18.99 


0.18 


47.19 


JD 5 . 


-1-1-6 


0.245 


0.259 


0.00 


8.16 


16.57 


2.28 


13.70 


0.80 


0.49 


0.36 


0.92 


0.16 


0. 


.14 


0.11 


19.75 


0.01 


36.54 


JD 5 . 


.1-1-7 


0.677 


0.323 


0.02 


9.61 


19.14 


2.67 


20.70 


1.19 


0.73 


0.37 


1.42 


0.24 


0. 


.17 


0.08 


15.71 


0.11 


27.85 


JD 5 


_i-l-8 


1.467 


0.418 


0.02 


10.60 


20.81 


2.50 


20.45 


1.26 


0.79 


0.38 


1.37 


0.25 


0. 


.15 


0.06 


13.45 


0.12 


27.79 


JD 5 


_i-l-9 


1.293 


0.524 


0.03 


12.76 


26.09 


3.24 


19.19 


1.19 


0.74 


0.55 


1.28 


0.24 


0. 


.14 


0.06 


13.47 


0.01 


21.03 


JD 5 


_i-2-4 


0.055 


0.212 


0.00 


11.61 


22.96 


3.19 


17.20 


1.07 


0.66 


0.54 


1.14 


0.22 


0. 


.12 


0.05 


11.40 


0.00 


29.84 


JD 5 . 


-i-2-5 


0.044 


0.230 


0.00 


11.23 


20.32 


2.05 


16.60 


1.03 


0.66 


0.09 


1.10 


0.21 


0. 


.12 


0.05 


11.02 


0.01 


35.50 


JD 5 . 


-i-2-6 


0.440 


0.275 


0.02 


5.77 


12.19 


1.60 


10.46 


0.57 


0.35 


0.25 


0.71 


0.12 


0. 


.15 


0.12 


20.92 


0.01 


46.76 


JD 5 . 


_i-2-7 


0.263 


0.318 


0.01 


10.53 


21.13 


2.53 


16.75 


1.01 


0.63 


0.38 


1.11 


0.21 


0. 


.15 


0.07 


14.70 


0.02 


30.77 


JD 5 . 


-i-2-8 


0.632 


0.365 


0.03 


11.69 


24.60 


3.19 


19.27 


1.12 


0.69 


0.53 


1.30 


0.23 


0. 


.15 


0.07 


15.14 


0.02 


21.96 


JD 5 


-i-2-9 


0.375 


0.425 


0.02 


8.61 


18.06 


2.32 


20.55 


1.15 


0.62 


0.33 


1.43 


0.23 


0. 


.17 


0.08 


16.13 


0.18 


30.12 


JD 5 _ 


1-2-10 


2.254 


0.540 


0.02 


11.15 


22.26 


2.77 


20.53 


1.27 


0.79 


0.45 


1.37 


0.25 


0. 


.15 


0.06 


14.10 


0.09 


24.73 


JD 5 - 


i-2-ll 


0.056 


0.683 


0.00 


11.46 


22.50 


2.44 


16.97 


1.06 


0.65 


0.53 


1.13 


0.21 


0. 


.12 


0.05 


11.26 


0.00 


31.62 



Table 1 — Continued 



Simulation M a H Mg O S Fe Al Ca Na Ni Cr P Ti Si N C 

(M ) (AU) 



JD 5 _ 


■ 1- 


-3-4 


0.120 


0.278 


0.02 


8.84 


18.16 


1.61 


16.64 


JD 5 - 


■ l- 


-3-5 


0.072 


0.327 


0.00 


12.33 


24.36 


1.86 


18.21 


JD 5 - 


■ r 


-3-6 


1.082 


0.388 


0.02 


8.35 


17.25 


2.40 


19.22 


JD 5 - 


■ 1- 


-3-7 


0.561 


0.457 


0.02 


10.19 


20.31 


2.86 


22.63 


JD 5 _ 


■ l- 


-3-8 


1.519 


0.566 


0.02 


12.88 


26.28 


3.08 


19.89 


JD 5 _ 


■ i- 


-3-9 


0.246 


0.668 


0.03 


12.03 


23.48 


2.33 


17.78 


JD 5 _ 


■ i- 


-4-4 


0.425 


0.266 


0.02 


11.11 


22.50 


2.40 


19.05 


JD 5 _ 


■ i- 


-4-6 


1.823 


0.372 


0.03 


10.49 


21.47 


2.65 


17.85 


JD 5 _ 


-r 


-4-7 


1.440 


0.522 


0.02 


10.88 


22.03 


2.64 


20.16 



JD 5 _ 


-0.25- 


•1-3 


1.141 


0.634 


0.25 


13.83 


30.23 


3.59 


20.65 


JD 5 - 


-0.25- 


•1-4 


2.137 


1.774 


0.34 


11.57 


25.78 


3.01 


21.03 


JD 5 - 


-0.25- 


■1-5 


0.239 


3.956 


0.00 


16.61 


32.18 


4.88 


24.58 


JD 5 - 


-0.25- 


■1-6 


0.896 


3.990 


1.48 


13.62 


42.88 


4.01 


20.18 


JD 5 - 


-0.25- 


•1-7 


0.487 


5.111 


1.01 


13.20 


36.64 


3.69 


19.56 


JD 5 - 


-0.25- 


•1-8 


0.351 


7.144 


0.41 


15.43 


37.01 


4.55 


22.40 


JD 5 - 


-0.25- 


•1-9 


0.262 


10.564 


0.00 


15.88 


35.16 


4.68 


23.49 



u.y i 


U.D4 


U.oy 


i in 
1.1U 


n on 
U.zU 


n 
u. 


1 7 


U.Uo 


10. uo 


u.u ( 


oO.UD 


1.14 


0.72 


0.57 


1.21 


0.23 


0. 


.13 


0.05 


12.11 


0.01 


27.08 


1.14 


0.68 


0.35 


1.31 


0.23 


0. 


.15 


0.09 


16.61 


0.16 


32.04 


1.30 


0.76 


0.39 


1.55 


0.26 


0. 


.17 


0.07 


14.75 


0.14 


24.60 


1.24 


0.80 


0.55 


1.32 


0.25 


0. 


.14 


0.06 


13.13 


0.03 


20.32 


1.11 


0.73 


0.39 


1.18 


0.22 





.12 


0.05 


11.75 


0.00 


28.79 


1.08 


0.77 


0.50 


1.30 


0.23 


0. 


.14 


0.06 


13.03 


0.03 


27.80 


1.07 


0.67 


0.43 


1.20 


0.22 


0. 


.15 


0.07 


15.31 


0.05 


28.34 


1.25 


0.78 


0.45 


1.34 


0.25 


0. 


.14 


0.06 


13.98 


0.10 


25.91 


1.29 


0.80 


0.54 


1.37 


0.26 





.14 


0.06 


13.58 


0.00 


13.41 


1.31 


0.81 


0.43 


1.40 


0.26 





.15 


0.06 


13.31 


0.11 


20.43 


1.53 


0.95 


0.77 


1.63 


0.31 





.17 


0.07 


16.31 


0.00 


0.00 


1.26 


0.78 


0.63 


1.34 


0.25 





.14 


0.06 


13.37 


0.00 


0.00 


1.22 


0.75 


0.50 


1.30 


0.25 


0. 


.14 


0.06 


12.86 


0.00 


8.83 


1.42 


0.88 


0.71 


1.52 


0.29 


0. 


.16 


0.07 


15.14 


0.00 


0.00 


1.47 


0.91 


0.73 


1.56 


0.30 


0. 


.16 


0.07 


15.58 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 

( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 




p 


Ti 


Si 


N 


c 


JD 5 - 


0.25-1-10 


0.112 


11.277 


0.00 


10.82 


20.71 


2.90 


16.04 


1.00 


0.62 


0.50 


1.06 


0.20 


0. 


.11 


0.05 


10.63 


0.00 


35.36 


JD 5 - 


0.25-1-H 


0.237 


13.086 


0.00 


11.02 


21.04 


1.29 


16.29 


1.02 


0.64 


0.49 


1.08 


0.20 





.11 


0.03 


10.83 


0.00 


35.95 


JD 5 - 


0.25-1-12 


0.902 


15.688 


1.35 


13.87 


42.26 


4.08 


20.42 


1.19 


0.79 


0.64 


1.36 


0.26 





.14 


0.06 


13.58 


0.00 


0.00 


JD 5 . 


-0.25-3-3 


0.321 


1.741 


0.18 


11.75 


25.04 


1.75 


17.12 


1.06 


0.93 


0.53 


1.14 


0.22 





.12 


0.04 


11.75 


0.00 


28.38 


JD 5 - 


-0.25-3-4 


0.356 


2.257 


0.32 


12.02 


26.99 


2.81 


17.78 


1.10 


0.69 


0.56 


1.18 


0.22 


0. 


.12 


0.05 


11.79 


0.00 


24.36 


JD 5 - 


-0.25-3-5 


1.253 


3.848 


1.20 


14.15 


40.82 


4.17 


20.96 


1.30 


0.81 


0.65 


1.39 


0.26 


0. 


.15 


0.06 


13.89 


0.00 


0.19 


JD 5 - 


-0.25-3-6 


1.589 


5.929 


1.48 


13.62 


42.88 


4.01 


20.18 


1.26 


0.78 


0.63 


1.34 


0.25 


0. 


.14 


0.06 


13.37 


0.00 


0.00 


JD 5 . 


-0.25-3-7 


0.231 


7.363 


0.00 


16.28 


33.54 


4.80 


24.09 


1.50 


0.93 


0.75 


1.60 


0.30 


0. 


.17 


0.07 


15.98 


0.00 


0.00 


JD 5 . 


-0.25-3-8 


1.239 


13.649 


1.48 


13.62 


42.88 


4.01 


20.18 


1.26 


0.78 


0.63 


1.34 


0.25 


0. 


.14 


0.06 


13.37 


0.00 


0.00 


JD 5 . 


-0.25-3-9 


0.166 


16.632 


0.07 


16.02 


35.11 


4.72 


23.12 


1.48 


0.92 


0.74 


1.58 


0.30 


0. 


.17 


0.07 


15.72 


0.00 


0.00 


JD 5 - 


0.25-3-10 


0.221 


18.832 


0.00 


11.72 


22.92 


3.23 


17.36 


1.08 


0.67 


0.54 


1.15 


0.22 


0. 


.12 


0.05 


11.51 


0.00 


29.42 


JD 5 - 


-0.25-4-3 


1.630 


0.310 


0.15 


7.82 


17.60 


2.05 


13.60 


0.77 


0.48 


0.32 


0.92 


0.16 


0. 


13 


0.10 


18.43 


0.03 


37.45 


JD 5 . 


-0.25-4-4 


0.803 


0.470 


0.31 


11.40 


25.63 


2.39 


16.81 


1.03 


0.69 


0.52 


1.12 


0.21 


0. 


.12 


0.06 


13.53 


0.00 


26.18 


JD 5 . 


-0.25-4-5 


0.918 


1.187 


0.24 


12.95 


28.59 


2.58 


19.07 


1.19 


0.84 


0.59 


1.27 


0.24 


0. 


.13 


0.05 


12.79 


0.00 


19.48 


JD 5 . 


-0.25-4-6 


0.302 


2.388 


0.45 


15.62 


35.43 


4.59 


23.13 


1.44 


0.89 


0.72 


1.53 


0.29 


0. 


.16 


0.07 


15.33 


0.00 


0.35 


JD 5 . 


-0.25-4-7 


1.060 


2.894 


0.18 


13.24 


30.58 


3.96 


22.86 


1.41 


0.88 


0.61 


1.52 


0.29 


0. 


.16 


0.07 


14.73 


0.10 


9.41 



Table 1 — Continued 



Simulation 


M 

( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 




p 


Ti 


Si 


N 


c 


JJJ5 


-0.25-4-° 


0.231 


3.303 


0.27 


11.95 


26.27 


3.01 


17.69 


1.10 


0.68 


0.55 


1.17 


0.22 


0. 


12 


0.05 


11.73 


0.00 


25.19 


JD 5 


-0.25-4-9 


0.830 


3.369 


1.48 


13.62 


42.88 


4.01 


20.18 


1.26 


0.78 


0.63 


1.34 


0.25 


0. 


.14 


0.06 


13.37 


0.00 


0.00 


JD 5 - 


0.25-4-10 


0.142 


3.697 


0.22 


15.75 


35.50 


4.64 


23.29 


1.45 


0.90 


0.73 


1.55 


0.29 





.16 


0.07 


15.45 


0.00 


0.00 


JD 5 - 


0.25-4-H 


0.140 


3.832 


0.71 


12.36 


31.50 


2.41 


18.32 


1.14 


0.71 


0.45 


1.21 


0.23 


0. 


.13 


0.05 


12.14 


0.01 


18.65 


JD 5 - 


-0.25-4-12 


0.392 


3.893 


0.28 


14.72 


31.73 


4.32 


21.80 


1.36 


0.84 


0.68 


1.45 


0.27 


0. 


.15 


0.06 


14.45 


0.00 


7.89 


JD 5 - 


-0.25-4-13 


0.464 


4.546 


0.44 


15.22 


37.44 


4.49 


22.51 


1.40 


0.87 


0.70 


1.50 


0.28 


0. 


.16 


0.07 


14.93 


0.00 


0.00 


JD 5 - 


0.25-4-14 


0.188 


7.903 


0.06 


11.96 


23.68 


3.39 


17.63 


1.10 


0.68 


0.55 


1.17 


0.22 


0. 


.12 


0.05 


11.74 


0.00 


27.64 


JD 5 - 


0.25-4-15 


0.129 


8.959 


0.00 


16.02 


34.64 


4.72 


23.68 


1.48 


0.91 


0.74 


1.57 


0.30 


0. 


.17 


0.07 


15.71 


0.00 


0.00 


JD 5 - 


0.25-4-16 


0.215 


10.641 


0.00 


16.06 


34.43 


4.74 


23.76 


1.48 


0.92 


0.74 


1.58 


0.30 


0. 


.17 


0.07 


15.76 


0.00 


0.00 


JD 5 


-0.25-5-3 


4.149 


0.120 


0.10 


13.32 


28.27 


3.62 


20.42 


1.27 


0.79 


0.54 


1.36 


0.26 





.15 


0.07 


14.45 


0.01 


15.39 


JD 5 . 


-0.25-5-4 


3.055 


0.911 


0.29 


11.52 


25.76 


3.02 


20.13 


1.21 


0.79 


0.52 


1.35 


0.25 


0. 


15 


0.06 


14.08 


0.05 


20.83 


JD 5 . 


-0.25-5-5 


0.554 


2.965 


0.42 


12.30 


28.59 


2.59 


18.19 


1.13 


0.72 


0.55 


1.21 


0.23 


0. 


13 


0.05 


12.09 


0.00 


21.80 


JD 5 . 


-0.25-5-6 


0.316 


3.388 


0.02 


11.14 


21.80 


2.92 


16.49 


1.03 


0.64 


0.52 


1.10 


0.21 


0. 


.12 


0.05 


10.94 


0.00 


33.04 


JD 5 - 


-0.25-5-7 


0.223 


9.559 


0.61 


12.92 


32.05 


3.66 


19.14 


1.19 


0.74 


0.60 


1.27 


0.24 


0. 


13 


0.06 


12.69 


0.00 


14.71 


JD 5 


-0.25-5-8 


0.581 


13.231 


1.48 


13.62 


42.88 


4.01 


20.18 


1.26 


0.78 


0.63 


1.34 


0.25 


0. 


.14 


0.06 


13.37 


0.00 


0.00 


JD 5 


-0.25-5-9 


0.288 


13.260 


0.07 


16.01 


35.12 


4.72 


23.12 


1.48 


0.91 


0.74 


1.57 


0.30 


0. 


.17 


0.07 


15.71 


0.00 


0.00 


JD 5 - 


-0.25-5-10 


0.308 


13.808 


0.00 


15.89 


35.13 


4.69 


23.50 


1.47 


0.91 


0.73 


1.56 


0.30 


0. 


.16 


0.07 


15.59 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 

( M e ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JSD 5 . 


-0.25-1-4 


0.459 


0.194 


0.38 


13.78 


30.78 


3.43 


20.44 


1.27 


0.80 


0.49 


1.36 


0.26 


0.14 


0.06 


13.27 


0.00 


13.55 


JSD 5 . 


-0.25-1-5 


0.455 


0.866 


0.35 


14.31 


33.50 


4.20 


21.18 


1.32 


0.82 


0.66 


1.41 


0.27 


0.15 


0.06 


14.04 


0.00 


7.75 


JSD 5 . 


-0.25-1-6 


1.465 


1.639 


0.10 


13.83 


29.85 


3.43 


20.35 


1.28 


0.80 


0.59 


1.36 


0.26 


0.14 


0.06 


13.58 


0.00 


14.37 


JSD 5 . 


-0.25-1-7 


0.459 


2.238 


0.07 


11.71 


23.71 


2.43 


17.29 


1.08 


0.72 


0.54 


1.15 


0.22 


0.12 


0.05 


11.54 


0.00 


29.38 




1 O 

-0.25-J--O 


0.291 


3.460 


0.14 


15.84 


35.16 


4.67 


23.45 


1.46 


0.90 


0.73 


1.56 


0.29 


0.16 


0.07 


15.55 


0.00 


0.00 


JSD 5 . 


-0.25-1-9 


0.180 


4.994 


0.11 


2.91 


5.67 


1.78 


28.79 


1.79 


1.13 


0.07 


1.91 


0.36 


0.20 


0.08 


15.73 


0.63 


38.81 


JSD 5 . 


-0.25-2-4 


0.379 


0.145 


0.15 


15.64 


35.97 


4.61 


23.14 


1.44 


0.89 


0.72 


1.54 


0.29 


0.16 


0.07 


15.35 


0.00 


0.00 


JSD 5 . 


-0.25-2-5 


0.139 


0.256 


0.23 


11.47 


24.81 


3.04 


16.94 


1.04 


0.65 


0.53 


1.13 


0.21 


0.12 


0.05 


11.25 


0.00 


28.53 


JSD 5 . 


-0.25-2-6 


0.410 


0.752 


0.40 


13.87 


33.11 


3.41 


20.52 


1.28 


0.80 


0.64 


1.36 


0.26 


0.14 


0.06 


13.62 


0.00 


10.53 


JSD 5 . 


-0.25-2-7 


1.772 


1.403 


0.38 


12.34 


28.23 


2.73 


18.22 


1.13 


0.74 


0.48 


1.21 


0.23 


0.13 


0.05 


12.14 


0.00 


21.98 


JSD 5 . 


-0.25-2-8 


0.951 


3.072 


1.48 


13.62 


42.88 


4.01 


20.18 


1.26 


0.78 


0.63 


1.34 


0.25 


0.14 


0.06 


13.37 


0.00 


0.00 


JSD 5 . 


-0.25-2-9 


0.596 


4.159 


0.25 


14.54 


31.92 


4.03 


21.52 


1.34 


0.83 


0.57 


1.43 


0.27 


0.15 


0.06 


14.18 


0.00 


8.91 


JSD 5 . 


-0.25-3-4 


1.243 


0.074 


0.13 


12.94 


28.00 


3.61 


19.59 


1.22 


0.76 


0.55 


1.30 


0.25 


0.14 


0.07 


15.54 


0.01 


15.89 


JSD 5 . 


-0.25-3-5 


3.230 


0.107 


0.07 


9.05 


19.01 


1.89 


14.66 


0.86 


0.57 


0.36 


0.99 


0.18 


0.13 


0.08 


16.56 


0.01 


35.57 


JSD 5 . 


-0.25-3-6 


0.117 


0.409 


0.07 


11.44 


23.06 


1.94 


16.89 


1.05 


0.71 


0.53 


1.12 


0.21 


0.12 


0.04 


11.28 


0.00 


31.55 



Table 1 — Continued 



Simulation 


M 


a 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 






(M ) (AU) 
































JSD 5 . 


— 0.25~3~7 


0.677 


0.508 


0.15 


6.95 


14.83 


1.98 


20.00 


1.21 


0.68 


0.21 


1.34 


0.23 


0.18 


0.08 


15.91 


0.23 


36.03 


JSD 5 . 


-0.25-3-8 


0.737 


0.609 


0.11 


6.31 


12.28 


1.70 


21.38 


1.27 


0.75 


0.15 


1.43 


0.25 


0.19 


0.08 


15.51 


0.31 


38.29 


JSD 5 . 


-0.25-3-9 


0.238 


1.164 


0.24 


15.53 


36.33 


4.58 


22.98 


1.43 


0.89 


0.72 


1.53 


0.29 


0.16 


0.07 


15.25 


0.00 


0.00 


JSD 5 _ 


-0.25-3-10 


0.189 


2.336 


0.11 


14.23 


28.68 


4.16 


21.08 


1.31 


0.81 


0.66 


1.40 


0.26 


0.15 


0.06 


13.97 


0.00 


13.11 


JSD 5 _ 


-0.25-3-11 


0.133 


2.619 


0.07 


11.44 


23.06 


1.94 


16.89 


1.05 


0.71 


0.53 


1.12 


0.21 


0.12 


0.04 


11.28 


0.00 


31.55 


JSD 5 _ 


0.25-3-12 


0.326 


3.676 


0.50 


15.19 


37.72 


4.48 


22.23 


1.40 


0.87 


0.70 


1.49 


0.28 


0.16 


0.07 


14.91 


0.00 


0.00 


JSD 5 _ 


0.25-3-13 


0.174 


3.946 


0.06 


15.79 


35.47 


4.66 


23.36 


1.46 


0.90 


0.73 


1.55 


0.29 


0.16 


0.07 


15.50 


0.00 


0.00 


JSD 5 _ 


-0.25-3-14 


0.614 


4.469 


1.48 


13.62 


42.88 


4.01 


20.18 


1.26 


0.78 


0.63 


1.34 


0.25 


0.14 


0.06 


13.37 


0.00 


0.00 


JSD 5 . 


-0.25-4-4 


1.113 


0.248 


0.22 


15.23 


34.47 


4.36 


22.53 


1.40 


0.87 


0.70 


1.50 


0.28 


0.16 


0.07 


14.95 


0.00 


3.26 


JSD 5 . 


-0.25-4-5 


0.770 


0.557 


0.26 


11.98 


28.51 


3.10 


22.23 


1.36 


0.75 


0.54 


1.50 


0.26 


0.16 


0.07 


14.35 


0.13 


14.79 


JSD 5 . 


-0.25-4-6 


0.364 


0.909 


0.44 


8.77 


21.77 


2.72 


22.15 


1.36 


0.86 


0.39 


1.47 


0.28 


0.16 


0.06 


13.33 


0.30 


25.95 


JSD 5 . 


-0.25-4-7 


0.635 


1.258 


0.34 


14.22 


33.21 


4.15 


21.00 


1.30 


0.81 


0.66 


1.40 


0.26 


0.15 


0.06 


13.95 


0.00 


8.49 


JSD 5 . 


-0.25-4-8 


0.105 


2.667 


0.05 


16.40 


32.95 


4.83 


24.30 


1.51 


0.94 


0.76 


1.61 


0.31 


0.17 


0.07 


16.10 


0.00 


0.00 


JSD 5 . 


-0.25-4-9 


1.322 


3.047 


0.96 


14.44 


40.05 


4.26 


21.39 


1.33 


0.82 


0.67 


1.42 


0.27 


0.15 


0.06 


14.18 


0.00 


0.00 



HD19994 Composition Disk 



In-situ-1-3 



1.260 0.400 0.00 1.81 3.27 0.60 15.13 0.70 0.56 0.01 1.08 0.17 0.15 0.15 27.55 0.19 48.62 



Table 1 — Continued 



Simulation 


M 


a 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 




p 


Ti 


Si 


N 


c 




(M® ) 


(AU) 


































In-situ-2-3 


1.245 


0.372 


0.00 


2.98 


4.75 


0.80 


14.07 


0.75 


0.40 


0.02 


0.98 


0.15 


0. 


.16 


0.11 


19.40 


0.19 


55.23 


In-situ-3-3 


1.100 


0.345 


0.00 


1.57 


2.78 


0.57 


14.59 


0.67 


0.53 


0.01 


1.03 


0.17 


0. 


.15 


0.15 


28.16 


0.18 


49.44 


In-situ-4-3 


1.178 


0.391 


0.00 


1.75 


3.25 


0.51 


13.48 


0.60 


0.51 


0.01 


0.96 


0.15 


0. 


.14 


0.15 


28.28 


0.17 


50.03 


JD 5 _i-l-3 


0.250 


0.109 


0.01 


5.43 


12.67 


1.37 


12.40 


0.70 


0.54 


0.42 


0.84 


0.16 


0. 


.13 


0.14 


25.95 


0.03 


39.24 


JD 5 _!-l-4 


0.347 


0.119 


0.04 


9.70 


24.60 


2.80 


19.46 


1.13 


0.91 


0.91 


1.31 


0.26 


0. 


.16 


0.09 


19.54 


0.01 


19.08 


JD 5 _i-l-5 


0.111 


0.211 


0.00 


3.63 


8.40 


0.82 


11.95 


0.58 


0.47 


0.32 


0.86 


0.14 


0. 


.12 


0.15 


27.44 


0.09 


45.04 


JD 5 _i-l-6 


0.245 


0.259 


0.00 


6.90 


16.09 


2.01 


14.34 


0.82 


0.68 


0.62 


0.97 


0.19 


0, 


.10 


0.13 


24.87 


0.02 


32.27 


JDs-i-1-7 


0.677 


0.323 


0.01 


7.66 


17.76 


2.17 


22.62 


1.27 


1.02 


0.66 


1.56 


0.29 


0. 


.16 


0.09 


19.27 


0.15 


25.29 


JD 5 _i-l-8 


1.467 


0.418 


0.01 


8.91 


19.73 


1.94 


24.04 


1.28 


1.04 


0.68 


1.66 


0.31 


0. 


.17 


0.07 


15.66 


0.10 


24.39 


JD 5 _i-l-9 


1.293 


0.524 


0.02 


11.39 


26.15 


2.66 


21.78 


1.29 


1.03 


0.98 


1.48 


0.29 


0. 


.15 


0.06 


14.25 


0.00 


18.48 


JD 5 _i-2-4 


0.055 


0.212 


0.00 


10.73 


23.86 


2.51 


20.53 


1.19 


0.97 


1.02 


1.39 


0.28 


0. 


.13 


0.05 


12.12 


0.00 


25.22 


JD 5 _i-2-5 


0.044 


0.230 


0.00 


10.90 


21.16 


1.57 


20.77 


1.27 


0.98 


0.14 


1.41 


0.28 


0. 


.14 


0.05 


11.42 


0.00 


29.91 


JD 5 _i-2-6 


0.440 


0.275 


0.00 


4.96 


11.83 


1.35 


10.58 


0.58 


0.48 


0.44 


0.71 


0.14 


0. 


.11 


0.15 


27.39 


0.01 


41.27 


JD5-1-2-7 


0.263 


0.318 


0.01 


9.49 


21.22 


1.91 


19.17 


1.12 


0.90 


0.67 


1.30 


0.26 


0. 


.13 


0.08 


16.90 


0.02 


26.83 



Table 1 — Continued 



Simulation 


M a 
(M ) (AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 




p 


Ti 


Si 


N 


C 


JD 5 


_i-2-8 


0.632 


0.365 


0.01 


10.21 


24.30 


2.65 


20.24 


1.17 


0.94 


0.95 


1.38 


0.27 


0. 


.14 


0.08 


17.34 


0.01 


20.30 


JD 5 


_i-2-9 


0.375 


0.425 


0.01 


7.48 


17.82 


1.90 


17.90 


0.96 


0.73 


0.57 


1.25 


0.22 


0. 


.16 


0.11 


21.21 


0.05 


29.62 


1 T \ 

JD 5 _ 


O 1 A 

-1-2-10 


1 O C A 

z.z54 


A C A A 

0.540 


0.01 


9.33 


21.08 


2.26 


23.87 


1.35 


1.07 


0.78 


1.64 


0.31 


0. 


.17 


0.07 


15.99 


0.11 


21.95 


JD 5 - 


.1-2-11 


0.056 


0.683 


0.00 


10.72 


23.59 


0.64 


20.51 


1.19 


0.97 


1.02 


1.39 


0.28 


0. 


.13 


0.05 


12.12 


0.00 


27.39 


JD 5 


_i-3-4 


0.120 


0.278 


0.01 


7.77 


18.01 


1.53 


17.89 


1.00 


0.77 


0.70 


1.23 


0.23 


0. 


.13 


0.10 


19.73 


0.05 


30.85 


JD 5 


-l-O-O 


A A71 

0.072 


A OOT 

0.32 I 


0.00 


11.23 


25.01 


1.34 


21.47 


1.26 


1.02 


1.05 


1.46 


0.29 


0. 


.14 


0.04 


12.67 


0.00 


23.02 


JD 5 


_i-3-6 


1.082 


0.388 


0.01 


7.00 


16.47 


2.01 


20.19 


1.10 


0.88 


0.63 


1.39 


0.25 


0. 


.17 


0.10 


20.71 


0.15 


28.93 


JD 5 


_i-3-7 


0.561 


0.457 


0.00 


8.11 


18.84 


2.28 


23.81 


1.15 


1.02 


0.65 


1.65 


0.30 


0. 


.18 


0.09 


18.37 


0.10 


23.44 


JD 5 


-i-3-8 


1.519 


0.566 


0.01 


11.46 


26.25 


2.47 


23.09 


1.38 


1.06 


0.98 


1.57 


0.31 


0. 


.15 


0.05 


13.59 


0.03 


17.59 


JD 5 


-i-3-9 


0.246 


0.668 


0.01 


11.13 


22.94 


1.78 


22.23 


1.32 


1.05 


0.70 


1.51 


0.30 


0. 


.14 


0.05 


12.65 


0.00 


24.17 


JD 5 


_i-4-4 


0.425 


0.266 


0.00 


9.99 


22.57 


1.85 


20.40 


1.23 


0.95 


0.92 


1.39 


0.27 


0. 


.14 


0.06 


15.07 


0.02 


25.12 


JD 5 


-1-4-6 


1.823 


0.372 


0.01 


9.09 


21.00 


2.14 


20.33 


1.14 


0.92 


0.75 


1.38 


0.27 


0. 


.15 


0.08 


17.78 


0.06 


24.90 


JD 5 


_i-4-7 


1.440 


0.522 


0.01 


9.52 


21.58 


2.06 


22.88 


1.27 


1.01 


0.80 


1.59 


0.29 


0. 


.17 


0.07 


15.88 


0.08 


22.79 


JD 5 _ 


0.25-1-3 


1.141 


0.634 


0.72 


11.10 


30.99 


2.82 


23.84 


1.39 


1.13 


0.91 


1.62 


0.32 


0. 


.16 


0.06 


13.72 


0.01 


11.23 


JD 5 _ 


0.25-1-4 


2.137 


1.774 


1.06 


8.42 


27.58 


2.42 


23.94 


1.34 


1.11 


0.63 


1.63 


0.31 


0. 


.16 


0.06 


13.36 


0.15 


17.82 



Table 1 — Continued 



Simulation 


M 

( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 




p 


Ti 


Si 


N 


c 


JD 5 . 


-0.25-1-5 


0.239 


3.956 


0.00 


12.39 


26.71 


3.75 


23.70 


1.38 


1.13 


1.18 


1.61 


0.32 


0. 


.15 


0.06 


14.01 


0.00 


13.62 


JD 5 . 


-0.25-1-6 


0.896 


3.990 


4.73 


7.70 


58.14 


2.38 


14.74 


0.86 


0.70 


0.73 


1.00 


0.20 


0. 


.10 


0.04 


8.70 


0.00 


0.00 


JD 5 . 


-0.25-1-7 


0.487 


5.111 


3.19 


9.02 


46.10 


2.37 


17.84 


1.04 


0.85 


0.63 


1.21 


0.24 


0. 


.12 


0.04 


10.14 


0.00 


7.22 


JD 5 . 


-0.25-1-8 


0.351 


7.144 


1.32 


11.98 


40.97 


3.71 


22.89 


1.33 


1.09 


1.13 


1.55 


0.31 





.15 


0.06 


13.52 


0.00 


0.00 


JD 5 . 


-0.25-1-9 


0.262 


10.564 


0.00 


13.46 


35.16 


4.17 


25.71 


1.49 


1.22 


1.27 


1.74 


0.35 





.17 


0.06 


15.19 


0.00 


0.00 


JD 5 - 


-0.25-1-10 


0.112 


11.277 


0.00 


10.22 


21.80 


2.18 


19.57 


1.14 


0.93 


0.97 


1.33 


0.26 


0. 


.13 


0.05 


11.55 


0.00 


29.88 


JD 5 - 


-0.25-1-11 


0.237 


13.086 


0.00 


10.47 


22.02 


0.51 


20.03 


1.16 


0.95 


0.96 


1.36 


0.27 


0. 


.13 


0.01 


11.80 


0.00 


30.32 


JD 5 - 


0.25-1-12 


0.902 


15.688 


3.94 


8.64 


54.40 


2.67 


16.54 


0.96 


0.78 


0.82 


1.12 


0.22 


0. 


.11 


0.04 


9.76 


0.00 


0.00 


JD 5 . 


-0.25-3-3 


0.321 


1.741 


0.53 


10.44 


27.48 


0.87 


19.96 


1.18 


0.95 


0.99 


1.35 


0.27 


0. 


.13 


0.04 


11.78 


0.00 


24.02 


JD 5 . 


-0.25-3-4 


0.356 


2.257 


0.95 


10.26 


30.75 


1.26 


19.63 


1.14 


0.93 


0.97 


1.33 


0.26 


0. 


.13 


0.03 


11.59 


0.00 


20.77 


JD 5 . 


-0.25-3-5 


1.253 


3.848 


3.83 


8.88 


53.13 


2.73 


16.97 


0.99 


0.80 


0.84 


1.15 


0.23 


0. 


.11 


0.04 


10.02 


0.00 


0.28 


JD 5 - 


-0.25-3-6 


1.589 


5.929 


4.73 


7.70 


58.14 


2.38 


14.74 


0.86 


0.70 


0.73 


1.00 


0.20 


0. 


.10 


0.04 


8.70 


0.00 


0.00 


JD 5 . 


-0.25-3-7 


0.231 


7.363 


0.00 


14.05 


32.39 


4.33 


26.79 


1.56 


1.27 


1.33 


1.82 


0.36 


0. 


.17 


0.07 


15.86 


0.00 


0.00 


JD 5 . 


-0.25-3-8 


1.239 


13.649 


4.73 


7.70 


58.14 


2.38 


14.74 


0.86 


0.70 


0.73 


1.00 


0.20 


0. 


.10 


0.04 


8.70 


0.00 


0.00 


JD 5 . 


-0.25-3-9 


0.166 


16.632 


0.21 


13.36 


35.43 


4.14 


25.53 


1.48 


1.21 


1.26 


1.73 


0.34 


0. 


.17 


0.06 


15.08 


0.00 


0.00 


JD 5 - 


0.25-3-10 


0.221 


18.832 


0.00 


10.69 


23.50 


2.52 


20.47 


1.19 


0.97 


1.01 


1.39 


0.28 


0. 


.13 


0.05 


12.08 


0.00 


25.71 



Table 1 — Continued 



Simulation 


M 

( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 




p 


Ti 


Si 


N 


c 


JD 5 - 


-0.25-4-3 


1.630 


0.310 


0.37 


6.56 


18.47 


1.67 


13.39 


0.76 


0.60 


0.53 


0.92 


0.18 


0. 


.10 


0.12 


22.98 


0.01 


33.33 


JD 5 


-0.25-4-4 


0.803 


0.470 


0.86 


9.61 


28.73 


1.55 


18.32 


1.13 


0.87 


0.84 


1.24 


0.25 





.12 


0.05 


14.05 


0.00 


22.36 


JD 5 


-0.25-4-5 


0.918 


1.187 


0.70 


11.10 


30.79 


1.90 


21.20 


1.25 


1.01 


1.00 


1.44 


0.29 





.14 


0.05 


12.52 


0.00 


16.61 


JD 5 


-0.25-4-6 


0.302 


2.388 


1.43 


11.10 


36.73 


3.38 


21.22 


1.23 


1.01 


1.05 


1.44 


0.29 





.14 


0.05 


12.54 


0.00 


8.39 


JD 5 


-0.25-4-7 


1.060 


2.894 


0.52 


10.94 


31.98 


3.40 


24.72 


1.42 


1.12 


1.03 


1.69 


0.32 


0. 


.16 


0.06 


14.54 


0.11 


7.98 


1 T \ 

JD 5 . 


A O 

-0.25-4-° 


0.231 


3.303 


0.86 


10.14 


29.66 


1.61 


19.41 


1.13 


0.92 


0.96 


1.32 


0.26 


0. 


.13 


0.05 


11.46 


0.00 


22.10 


JD 5 


-0.25-4-9 


0.830 


3.369 


4.73 


7.70 


58.14 


2.38 


14.74 


0.86 


0.70 


0.73 


1.00 


0.20 


0. 


.10 


0.04 


8.70 


0.00 


0.00 


JD 5 - 


0.25-4-10 


0.142 


3.697 


0.70 


13.11 


36.20 


4.04 


25.00 


1.45 


1.19 


1.24 


1.70 


0.34 


0. 


.16 


0.06 


14.80 


0.00 


0.00 


JD 5 - 


0.25-4-H 


0.140 


3.832 


2.16 


9.36 


38.80 


1.76 


17.84 


1.11 


0.85 


0.45 


1.21 


0.24 





.12 


0.04 


10.53 


0.01 


15.56 


JD 5 - 


-0.25-4-12 


0.392 


3.893 


0.85 


11.18 


32.24 


3.36 


21.36 


1.24 


1.01 


1.06 


1.45 


0.29 


0. 


.14 


0.05 


12.62 


0.00 


13.15 


JD 5 - 


-0.25-4-13 


0.464 


4.546 


1.37 


11.80 


41.80 


3.65 


22.54 


1.31 


1.07 


1.12 


1.53 


0.30 


0. 


.15 


0.06 


13.32 


0.00 


0.00 


JD 5 _ 


0.25-4-14 


0.188 


7.903 


0.18 


10.61 


24.31 


2.90 


20.31 


1.18 


0.96 


1.01 


1.38 


0.27 


0. 


13 


0.05 


11.99 


0.00 


24.72 


JD 5 - 


0.25-4-15 


0.129 


8.959 


0.00 


14.04 


32.37 


4.35 


26.81 


1.56 


1.27 


1.33 


1.82 


0.36 


0. 


.17 


0.07 


15.85 


0.00 


0.00 


JD 5 - 


0.25-4-16 


0.215 


10.641 


0.00 


14.05 


32.39 


4.32 


26.78 


1.56 


1.27 


1.33 


1.82 


0.36 


0. 


.17 


0.07 


15.86 


0.00 


0.00 


JD 5 


-0.25-5-3 


4.149 


0.120 


0.10 


11.05 


27.11 


3.10 


24.15 


1.38 


1.15 


0.94 


1.64 


0.32 


0. 


.16 


0.07 


15.36 


0.03 


13.45 


JD 5 


-0.25-5-4 


3.055 


0.911 


0.86 


9.16 


27.78 


2.16 


20.52 


1.21 


0.95 


0.85 


1.40 


0.27 


0. 


.14 


0.06 


14.57 


0.08 


19.99 


JD 5 . 


-0.25-5-5 


0.554 


2.965 


1.28 


10.08 


33.16 


1.58 


19.20 


1.23 


0.91 


0.80 


1.30 


0.26 


0. 


.13 


0.05 


11.33 


0.00 


18.70 



Table 1 — Continued 



Simulation 


M 

(M e ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 




0.25-5-6 


0.316 


3.388 


0.01 


10.45 


22.70 


2.15 


20.03 


1.16 


0.95 


0.99 


1 


.36 


0.27 


0.13 


0.05 


11.81 


0.00 


27.93 


JD 5 - 


-0.25-5-7 


0.223 


9.559 


1.81 


9.68 


37.24 


2.61 


18.61 


1.08 


0.88 


0.92 


1 


.26 


0.25 


0.12 


0.04 


10.86 


0.00 


14.62 


JD 5 - 


-0.25-5-8 


0.581 


13.231 


4.73 


7.70 


58.14 


2.38 


14.74 


0.86 


0.70 


0.73 


1 


.00 


0.20 


0.10 


0.04 


8.70 


0.00 


0.00 


JD 5 _ 


0.25-5-9 


0.288 


13.260 


0.23 


13.36 


35.41 


4.14 


25.53 


1.48 


1.21 


1.26 


1 


.73 


0.34 


0.17 


0.06 


15.08 


0.00 


0.00 


JD 5 - 


0.25-5-10 


0.308 


13.808 


0.00 


13.47 


35.12 


4.17 


25.72 


1.49 


1.22 


1.27 


1 


.74 


0.35 


0.17 


0.06 


15.20 


0.00 


0.00 


JSD 5 


-0.25-1-4 


0.459 


0.194 


1.05 


9.79 


30.83 


3.08 


24.58 


1.42 


1.17 


0.77 


1 


.67 


0.33 


0.16 


0.06 


14.12 


0.00 


10.98 


JSD 5 


-0.25-1-5 


0.455 


0.866 


0.46 


12.17 


32.85 


3.70 


23.35 


1.36 


1.11 


1.16 


1 


.58 


0.31 


0.15 


0.06 


13.70 


0.00 


8.06 


JSD 5 


-0.25-1-6 


1.465 


1.639 


0.28 


11.81 


30.45 


2.85 


22.55 


1.33 


1.07 


1.00 


1 


.53 


0.30 


0.15 


0.05 


13.31 


0.00 


13.31 


JSD 5 


-0.25-1-7 


0.459 


2.238 


0.22 


10.62 


24.94 


2.03 


20.31 


1.20 


0.96 


0.99 


1 


.38 


0.27 


0.13 


0.05 


11.98 


0.00 


24.91 


JSD 5 


-0.25-1-8 


0.291 


3.460 


0.46 


13.10 


36.45 


4.05 


25.03 


1.45 


1.19 


1.24 


1 


.70 


0.34 


0.16 


0.06 


14.79 


0.00 


0.00 


JSD 5 


-0.25-1-9 


0.180 


4.994 


0.11 


2.91 


5.67 


1.78 


28.79 


1.79 


1.13 


0.07 


1 


.91 


0.36 


0.20 


0.08 


15.73 


0.63 


38.81 


JSD 5 


-0.25-2-4 


0.379 


0.145 


0.45 


12.90 


37.38 


4.00 


24.65 


1.43 


1.17 


1.22 


1 


.67 


0.33 


0.16 


0.06 


14.57 


0.00 


0.00 


JSD 5 


-0.25-2-5 


0.139 


0.256 


0.54 


10.21 


27.15 


2.08 


19.54 


1.14 


0.93 


0.97 


1 


.33 


0.26 


0.13 


0.05 


11.54 


0.00 


24.14 


JSD 5 


-0.25-2-6 


0.410 


0.752 


1.20 


11.14 


37.26 


2.60 


21.29 


1.24 


1.01 


1.05 


1 


.44 


0.29 


0.14 


0.05 


12.58 


0.00 


8.72 


JSD 5 


-0.25-2-7 


1.772 


1.403 


1.16 


10.28 


32.24 


1.93 


19.61 


1.19 


0.93 


0.80 


1 


.33 


0.26 


0.13 


0.04 


11.47 


0.00 


18.63 


JSD 5 


-0.25-2-8 


0.951 


3.072 


4.73 


7.70 


58.14 


2.38 


14.74 


0.86 


0.70 


0.73 


1 


.00 


0.20 


0.10 


0.04 


8.70 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M a 
(M® ) (AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 




p 


Ti 


Si 


N 


c 


JSD 5 . 


-0.25-2-9 


0.596 


4.159 


0.45 


12.34 


31.61 


3.42 


24.46 


1.42 


1.16 


0.97 


1.66 


0.33 


0. 


.16 


0.06 


14.10 


0.00 


7.86 


JSD 5 . 


-0.25-3-4 


1.243 


0.074 


0.18 


10.44 


26.88 


3.02 


22.71 


1.19 


1.08 


0.95 


1.54 


0.31 


0. 


.15 


0.08 


16.92 


0.01 


14.56 


JSD 5 . 


-0.25-3-5 


3.230 


0.107 


0.12 


8.05 


19.16 


1.58 


16.02 


0.95 


0.75 


0.60 


1.08 


0.21 


0. 


.12 


0.10 


20.12 


0.01 


31.11 


inn 
JSU5. 


-0.25--J-O 


0.117 


0.409 


0.23 


10.56 


24.78 


0.64 


20.18 


1.17 


0.96 


1.00 


1.37 


0.27 


0. 


.13 


0.02 


11.92 


0.00 


26.77 


JSD5. 


-0.25-3-7 


0.677 


0.508 


0.40 


5.34 


15.11 


1.44 


20.03 


1.04 


0.78 


0.32 


1.42 


0.24 


0. 


18 


0.11 


20.62 


0.20 


32.78 


JSD5. 


-0.25-3-8 


0.737 


0.609 


0.29 


3.39 


9.77 


1.71 


26.12 


1.44 


1.14 


0.22 


1.80 


0.33 


0. 


.19 


0.11 


20.84 


0.36 


32.29 


JSD5. 


-0.25-3-9 


0.238 


1.164 


0.70 


12.63 


38.44 


3.91 


24.14 


1.40 


1.14 


1.19 


1.64 


0.32 


0. 


.16 


0.06 


14.26 


0.00 


0.00 


JSD 5 _ 


0.25-3-10 


0.189 


2.336 


0.11 


14.23 


28.68 


4.16 


21.08 


1.31 


0.81 


0.66 


1.40 


0.26 


0. 


.15 


0.06 


13.97 


0.00 


13.11 


JSD 5 _ 


0.25-3-11 


0.133 


2.619 


0.23 


10.56 


24.78 


0.64 


20.18 


1.17 


0.96 


1.00 


1.37 


0.27 


0. 


.13 


0.02 


11.92 


0.00 


26.77 


JSD 5 _ 


0.25-3-12 


0.326 


3.676 


0.64 


12.71 


38.10 


3.94 


24.31 


1.41 


1.15 


1.20 


1.65 


0.33 


0, 


.16 


0.06 


14.35 


0.00 


0.00 


JSD 5 _ 


0.25-3-13 


0.174 


3.946 


0.19 


13.23 


36.08 


4.10 


25.27 


1.47 


1.20 


1.25 


1.71 


0.34 


0. 


.16 


0.06 


14.94 


0.00 


0.00 


JSD 5 _ 


-0.25-3-14 


0.614 


4.469 


4.73 


7.70 


58.14 


2.38 


14.74 


0.86 


0.70 


0.73 


1.00 


0.20 


0. 


.10 


0.04 


8.70 


0.00 


0.00 


JSD 5 . 


-0.25-4-4 


1.113 


0.248 


0.34 


12.84 


34.49 


3.78 


24.54 


1.43 


1.16 


1.21 


1.66 


0.33 


0. 


.16 


0.06 


14.50 


0.00 


3.48 


JSD 5 . 


-0.25-4-5 


0.770 


0.557 


0.79 


9.82 


31.02 


2.56 


19.97 


1.16 


0.89 


0.82 


1.37 


0.26 


0. 


.17 


0.07 


16.06 


0.00 


15.04 


JSD 5 . 


-0.25-4-6 


0.364 


0.909 


1.31 


6.56 


25.91 


1.93 


24.52 


1.38 


1.04 


0.62 


1.69 


0.30 


0. 


.16 


0.06 


13.37 


0.34 


20.80 


JSD 5 . 


-0.25-4-7 


0.635 


1.258 


0.97 


11.61 


36.03 


3.47 


22.19 


1.29 


1.05 


1.10 


1.51 


0.30 





.14 


0.05 


13.11 


0.00 


7.16 



Table 1 — Continued 



Simulation M a H Mg O S Fe Al Ca Na Ni Cr P Ti Si N C 

(M® ) (AU) 



JSD 5 _ .25-4-8 0.105 2.667 0.03 13.97 32.78 4.27 26.63 1.55 1.27 1.32 1.81 0.36 0.17 0.07 15.77 0.00 0.00 
JSD 5 _ .25-4-9 1.322 3.04 7 3.07 9.81 49.67 3.03 18.75 1.09 0.89 0.93 1.27 0.25 0.12 0.05 11.07 0.00 0.00 



HD212340 Composition Disk 



In-situ-1-3 


1.260 


0.400 


0.00 


15.77 


37.63 


0.00 


13.91 


10.80 


7.92 


0.07 


0.84 


0.14 


0.07 


0.53 


12.33 


0.00 


0.00 


In-situ-2-3 


1.245 


0.372 


0.00 


15.76 


38.01 


0.00 


13.03 


11.14 


8.15 


0.09 


0.78 


0.13 


0.07 


0.54 


12.30 


0.00 


0.00 


In-situ-3-3 


1.100 


0.345 


0.00 


15.98 


38.07 


0.00 


12.99 


11.32 


7.86 


0.05 


0.77 


0.13 


0.07 


0.55 


12.20 


0.00 


0.00 


In-situ-4-3 


1.178 


0.391 


0.00 


15.49 


38.12 


0.00 


12.68 


11.59 


8.42 


0.07 


0.76 


0.13 


0.06 


0.57 


12.09 


0.00 


0.00 


JD 5 _i-l-3 


0.250 


0.109 


0.00 


13.35 


37.82 


1.30 


13.31 


12.31 


9.11 


0.35 


0.77 


0.15 


0.08 


0.60 


10.85 


0.00 


0.00 


JD 5 _!-l-4 


0.347 


0.119 


0.04 


16.33 


36.11 


2.99 


20.48 


4.70 


4.01 


0.64 


1.18 


0.23 


0.12 


0.23 


12.95 


0.00 


0.00 


JD 5 _!-l-5 


0.111 


0.211 


0.00 


17.82 


38.49 


0.78 


12.83 


8.04 


6.40 


0.26 


0.78 


0.13 


0.06 


0.39 


14.00 


0.00 


0.00 


JD 5 _i-l-6 


0.245 


0.259 


0.00 


13.23 


36.41 


2.09 


15.18 


11.03 


8.78 


0.44 


0.88 


0.17 


0.09 


0.54 


11.17 


0.00 


0.00 


JDs-i-1-7 


0.677 


0.323 


0.00 


18.26 


34.12 


2.02 


23.14 


3.94 


2.39 


0.50 


1.35 


0.25 


0.13 


0.19 


13.70 


0.00 


0.00 


JD 5 _i-l-8 


1.467 


0.418 


0.00 


18.38 


32.70 


1.66 


26.75 


1.98 


1.58 


0.56 


1.56 


0.29 


0.15 


0.10 


14.31 


0.00 


0.00 


JD 5 _i-l-9 


1.293 


0.524 


0.03 


17.52 


32.54 


3.07 


26.51 


2.13 


1.63 


0.80 


1.53 


0.30 


0.15 


0.10 


13.70 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 


a 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 






(M© ) (AU) 
































JD 5 . 


i-2-4 


0.055 


0.212 


0.00 


17.87 


31.21 


3.64 


27.75 


1.44 


1.15 


0.82 


1.60 


0.31 


0.16 


0.07 


13.97 


0.00 


0.00 


JD 5 


-1-2-5 


0.044 


0.230 


0.00 


18.93 


31.50 


0.20 


29.39 


1.52 


1.21 


0.19 


1.70 


0.33 


0.17 


0.07 


14.79 


0.00 


0.00 


JD 5 


-1-2-6 


0.440 


0.275 


0.00 


13.31 


38.68 


1.42 


11.26 


13.89 


9.37 


0.32 


0.65 


0.12 


0.06 


0.68 


10.25 


0.00 


0.00 


JD 5 


-i-2-7 


0.263 


0.318 


0.00 


16.48 


34.00 


1.78 


23.48 


4.76 


3.79 


0.55 


1.36 


0.26 


0.14 


0.23 


13.16 


0.00 


0.00 


JD 5 . 


-i-2-8 


0.632 


0.365 


0.00 


17.22 


34.24 


3.03 


23.14 


3.52 


2.82 


0.70 


1.34 


0.26 


0.13 


0.17 


13.42 


0.00 


0.00 


JD 5 


-i-2-9 


0.375 


0.425 


0.00 


18.69 


36.25 


1.87 


19.50 


3.99 


3.18 


0.49 


1.15 


0.21 


0.11 


0.19 


14.38 


0.00 


0.00 


JD 5 - 


1-2-10 


2.254 


0.540 


0.01 


17.98 


32.85 


2.19 


26.17 


2.28 


1.81 


0.63 


1.52 


0.29 


0.15 


0.11 


14.01 


0.00 


0.00 




i-2-ll 


0.056 


0.683 


0.00 


18.40 


31.86 


1.11 


28.55 


1.48 


1.18 


0.84 


1.65 


0.32 


0.17 


0.07 


14.37 


0.00 


0.00 


JD 5 


-1-3-4 


0.120 


0.278 


0.00 


15.91 


35.12 


1.31 


20.82 


6.48 


5.16 


0.56 


1.21 


0.23 


0.12 


0.31 


12.76 


0.00 


0.00 


JD 5 


-i-3-5 


0.072 


0.327 


0.00 


18.24 


32.05 


1.46 


28.31 


1.47 


1.17 


0.85 


1.64 


0.32 


0.16 


0.07 


14.26 


0.00 


0.00 


JD 5 


-i-3-6 


1.082 


0.388 


0.00 


17.40 


35.19 


2.00 


20.78 


4.92 


3.88 


0.46 


1.22 


0.22 


0.12 


0.24 


13.58 


0.00 


0.00 


JD 5 


-i-3-7 


0.561 


0.457 


0.00 


19.23 


34.43 


2.07 


24.00 


1.77 


1.41 


0.52 


1.40 


0.26 


0.13 


0.09 


14.68 


0.00 


0.00 


JD 5 


-i-3-8 


1.519 


0.566 


0.02 


17.91 


32.25 


2.66 


27.66 


1.44 


1.15 


0.79 


1.60 


0.31 


0.16 


0.07 


13.97 


0.00 


0.00 


JD 5 


-i-3-9 


0.246 


0.668 


0.00 


18.40 


31.90 


1.31 


28.56 


1.48 


1.18 


0.59 


1.65 


0.32 


0.17 


0.07 


14.38 


0.00 


0.00 


JD 5 


_i-4-4 


0.425 


0.266 


0.00 


18.85 


33.04 


2.10 


25.71 


1.71 


1.36 


0.74 


1.49 


0.28 


0.15 


0.08 


14.48 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 

( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD 


5-1-4-6 


1.823 


0.372 


0.01 


17.01 


34.23 


2.23 


23.01 


4.58 


3.23 


0.61 


1.33 


0.25 


0.13 


0.22 


13.14 


0.00 


0.00 


JD 


5-1-4-7 


1.440 


0.522 


0.00 


17.76 


32.94 


2.03 


26.15 


2.47 


1.97 


0.65 


1.53 


0.28 


0.15 


0.12 


13.94 


0.00 


0.00 


JD 5 


-0.25-1-3 


1.141 


0.634 


1.09 


16.15 


37.64 


2.54 


25.09 


1.30 


1.04 


0.60 


1.45 


0.28 


0.15 


0.06 


12.62 


0.00 


0.00 


1~T~\ 


-0.25-1-4 


2.137 


1.774 


1.65 


15.46 


40.29 


1.97 


23.98 


1.24 


0.99 


0.48 


1.39 


0.27 


0.14 


0.06 


12.08 


0.00 


0.00 


JD 5 


-0.25-1-5 


0.239 


3.956 


0.00 


17.87 


30.16 


4.64 


27.76 


1.44 


1.15 


0.88 


1.60 


0.31 


0.16 


0.07 


13.97 


0.00 


0.00 


JD 5 - 


-0.25-1-6 


0.896 


3.990 


7.42 


5.66 


70.70 


1.49 


8.76 


0.45 


0.36 


0.05 


0.51 


0.10 


0.05 


0.02 


4.43 


0.00 


0.00 


JD 5 


-0.25-1-7 


0.487 


5.111 


4.99 


9.79 


58.19 


1.46 


15.19 


0.79 


0.63 


0.13 


0.88 


0.17 


0.09 


0.04 


7.65 


0.00 


0.00 


JD 5 


-0.25-1-8 


0.351 


7.144 


2.07 


13.56 


44.88 


3.57 


21.12 


1.09 


0.87 


0.61 


1.22 


0.24 


0.12 


0.05 


10.60 


0.00 


0.00 


JD 5 


-0.25-1-9 


0.262 


10.564 


0.00 


16.60 


34.95 


4.39 


25.81 


1.34 


1.07 


0.86 


1.49 


0.29 


0.15 


0.07 


12.98 


0.00 


0.00 


JD 5 _ 


0.25-1-10 


0.112 


11.277 


0.00 


18.11 


30.55 


3.47 


28.11 


1.46 


1.16 


0.82 


1.62 


0.31 


0.16 


0.07 


14.16 


0.00 


0.00 


JD 5 _ 


0.25-1-11 


0.237 


13.086 


0.00 


18.72 


31.56 


0.28 


29.04 


1.50 


1.20 


0.82 


1.68 


0.32 


0.17 


0.07 


14.63 


0.00 


0.00 


JD 5 _ 


0.25-1-12 


0.902 


15.688 


6.13 


7.59 


64.54 


2.00 


11.74 


0.61 


0.49 


0.07 


0.68 


0.13 


0.07 


0.03 


5.93 


0.00 


0.00 


JD 5 - 


-0.25-3-3 


0.321 


1.741 


0.83 


17.04 


36.28 


0.87 


26.42 


1.37 


1.09 


0.74 


1.53 


0.30 


0.15 


0.07 


13.31 


0.00 


0.00 


JD 5 


-0.25-3-4 


0.356 


2.257 


1.47 


15.85 


39.41 


1.41 


24.59 


1.27 


1.02 


0.68 


1.42 


0.27 


0.14 


0.06 


12.39 


0.00 


0.00 


JD 5 


-0.25-3-5 


1.253 


3.848 


6.00 


7.98 


62.99 


2.09 


12.37 


0.64 


0.51 


0.21 


0.72 


0.14 


0.07 


0.03 


6.24 


0.00 


0.00 


JD 5 


-0.25-3-6 


1.589 


5.929 


7.42 


5.66 


70.70 


1.49 


8.76 


0.45 


0.36 


0.05 


0.51 


0.10 


0.05 


0.02 


4.43 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 
( M ® ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD5-O. 25-3-7 


0.231 


7.363 


0.00 


17.78 


30.39 


4.68 


27.67 


1.43 


1.14 


0.88 


1.60 


0.31 


0.16 


0.07 


13.89 


0.00 


0.00 


JD5_o.25"3-8 


1.239 


13.649 


7.42 


5.66 


70.70 


1.49 


8.76 


0.45 


0.36 


0.05 


0.51 


0.10 


0.05 


0.02 


4.43 


0.00 


0.00 


JD5-0.25-3-9 


0.166 


16.632 


0.33 


16.13 


36.47 


4.25 


25.16 


1.30 


1.03 


0.79 


1.45 


0.28 


0.15 


0.06 


12.61 


0.00 


0.00 


JD 5 _ .25-3-10 


0.221 


18.832 


0.00 


17.94 


30.92 


3.70 


27.85 


1.44 


1.15 


0.83 


1.61 


0.31 


0.16 


0.07 


14.02 


0.00 


0.00 


JD 5 _ .25-4-3 


1.630 


0.310 


0.55 


13.29 


39.57 


1.61 


14.76 


9.69 


7.66 


0.37 


0.86 


0.16 


0.08 


0.47 


10.93 


0.00 


0.00 


JD5-0.25-4-4 


0.803 


0.470 


1.33 


14.93 


39.53 


1.47 


22.41 


3.35 


2.67 


0.61 


1.29 


0.25 


0.13 


0.16 


11.87 


0.00 


0.00 


JD5-0.25-4-5 


0.918 


1.187 


1.08 


16.19 


38.11 


1.83 


25.13 


1.30 


1.04 


0.72 


1.45 


0.28 


0.15 


0.06 


12.65 


0.00 


0.00 


JD 5 _ .25-4-6 


0.302 


2.388 


2.23 


14.13 


42.60 


3.67 


21.94 


1.14 


0.91 


0.63 


1.27 


0.25 


0.13 


0.06 


11.05 


0.00 


0.00 


JD5-0.25-4-7 


1.060 


2.894 


0.79 


16.01 


37.79 


3.53 


24.50 


1.30 


1.04 


0.66 


1.42 


0.27 


0.14 


0.06 


12.49 


0.00 


0.00 


JD 5 _ .25-4-8 


0.231 


3.303 


1.35 


15.95 


38.44 


2.13 


24.75 


1.28 


1.02 


0.69 


1.43 


0.28 


0.14 


0.06 


12.47 


0.00 


0.00 


JD 5 _ .25-4-9 


0.830 


3.369 


7.42 


5.66 


70.70 


1.49 


8.76 


0.45 


0.36 


0.05 


0.51 


0.10 


0.05 


0.02 


4.43 


0.00 


0.00 


JDg-o.25-4-10 


0.142 


3.697 


1.10 


16.01 


36.30 


4.22 


24.86 


1.29 


1.03 


0.76 


1.44 


0.28 


0.14 


0.06 


12.51 


0.00 


0.00 


JDs-o.25-4-11 


0.140 


3.832 


3.34 


12.76 


49.39 


0.89 


19.79 


1.02 


0.82 


0.49 


1.14 


0.22 


0.12 


0.05 


9.97 


0.00 


0.00 


JDs-o.25-4-12 


0.392 


3.893 


1.33 


15.67 


37.50 


4.03 


24.35 


1.26 


1.00 


0.74 


1.41 


0.27 


0.14 


0.06 


12.25 


0.00 


0.00 


JDg-o.25-4-13 


0.464 


4.546 


2.14 


13.45 


45.26 


3.56 


20.90 


1.08 


0.86 


0.62 


1.21 


0.23 


0.12 


0.05 


10.52 


0.00 


0.00 


JD 5 _ .25-4-14 


0.188 


7.903 


0.28 


17.51 


31.81 


4.15 


27.15 


1.41 


1.12 


0.79 


1.57 


0.30 


0.16 


0.07 


13.69 


0.00 


0.00 


JD 5 _ .25-4-15 


0.129 


8.959 


0.00 


16.68 


34.74 


4.39 


25.92 


1.34 


1.07 


0.83 


1.50 


0.29 


0.15 


0.07 


13.03 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 

( M e ) 


a 

(AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JD 5 - 


0.25-4-16 


0.215 


10.641 


0.00 


17.86 


30.14 


4.70 


27.74 


1.43 


1.15 


0.88 


1.60 


0.31 


0.16 


0.07 


13.96 


0.00 


0.00 


JD 5 - 


-0.25-5-3 


4.149 


0.120 


0.09 


16.93 


33.66 


3.09 


25.97 


2.33 


1.85 


0.69 


1.50 


0.29 


0.15 


0.11 


13.32 


0.00 


0.00 


JD 5 - 


-0.25-5-4 


3.055 


0.911 


1.33 


15.88 


39.26 


2.25 


22.67 


2.15 


1.71 


0.57 


1.32 


0.25 


0.13 


0.10 


12.37 


0.00 


0.00 


JD 5 - 


-0.25-5-5 


0.554 


2.965 


1.99 


14.96 


42.21 


1.36 


23.22 


1.20 


0.96 


0.62 


1.34 


0.26 


0.14 


0.06 


11.69 


0.00 


0.00 


JD 5 - 


-0.25-5-6 


0.316 


3.388 


0.00 


18.07 


30.89 


3.29 


28.04 


1.45 


1.16 


0.82 


1.62 


0.31 


0.16 


0.07 


14.12 


0.00 


0.00 


JD 5 - 


-0.25-5-7 


0.223 


9.559 


2.80 


13.24 


46.04 


2.95 


20.57 


1.06 


0.85 


0.56 


1.19 


0.23 


0.12 


0.05 


10.35 


0.00 


0.00 


JD 5 - 


-0.25-5-8 


0.581 


13.231 


7.42 


5.66 


70.70 


1.49 


8.76 


0.45 


0.36 


0.05 


0.51 


0.10 


0.05 


0.02 


4.43 


0.00 


0.00 


JD 5 - 


-0.25-5-9 


0.288 


13.260 


0.36 


16.09 


36.62 


4.24 


25.08 


1.29 


1.03 


0.79 


1.44 


0.28 


0.15 


0.06 


12.57 


0.00 


0.00 


JD 5 - 


0.25-5-10 


0.308 


13.808 


0.00 


16.60 


34.94 


4.39 


25.83 


1.34 


1.07 


0.86 


1.49 


0.29 


0.15 


0.07 


12.98 


0.00 


0.00 


JSD 5 


-0.25-1-4 


0.459 


0.194 


1.60 


15.46 


39.96 


2.32 


24.02 


1.24 


0.99 


0.47 


1.39 


0.27 


0.14 


0.06 


12.08 


0.00 


0.00 


JSD 5 


-0.25-1-5 


0.455 


0.866 


0.46 


16.33 


35.69 


4.22 


25.40 


1.31 


1.05 


0.80 


1.47 


0.28 


0.15 


0.06 


12.77 


0.00 


0.00 


JSD 5 


-0.25-1-6 


1.465 


1.639 


0.43 


16.84 


35.12 


3.03 


26.18 


1.35 


1.08 


0.80 


1.51 


0.29 


0.15 


0.07 


13.16 


0.00 


0.00 


JSD 5 


-0.25-1-7 


0.459 


2.238 


0.34 


17.62 


32.93 


2.54 


27.34 


1.42 


1.13 


0.80 


1.58 


0.31 


0.16 


0.07 


13.77 


0.00 


0.00 


JSD 5 


-0.25-1-8 


0.291 


3.460 


0.71 


15.96 


36.80 


4.21 


24.82 


1.28 


1.02 


0.79 


1.43 


0.28 


0.14 


0.06 


12.47 


0.00 


0.00 


JSD 5 


-0.25-1-9 


0.180 


4.994 


0.58 


18.03 


34.54 


0.12 


27.86 


1.45 


1.15 


0.04 


1.61 


0.31 


0.16 


0.07 


14.09 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M a 
(M® ) (AU) 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 


JSD 5 _ .25-2-4 


0.379 


0.145 


0.70 


15.57 


38.31 


4.12 


24.21 


1.25 


1.00 


0.79 


1.40 


0.27 


0.14 


0.06 


12.18 


0.00 


0.00 


JSD 5 _ . 25-2-5 


0.139 


0.256 


0.79 


16.72 


35.37 


2.98 


25.94 


1.34 


1.07 


0.71 


1.50 


0.29 


0.15 


0.07 


13.07 


0.00 


0.00 


JSD 5 _ .25-2-6 


0.410 


0.752 


1.87 


14.44 


42.97 


2.53 


22.43 


1.16 


0.93 


0.65 


1.30 


0.25 


0.13 


0.06 


11.29 


0.00 


0.00 


JSD5_o. 25-2-7 


1.772 


1.403 


1.81 


15.19 


41.35 


1.65 


23.57 


1.22 


0.97 


0.55 


1.36 


0.26 


0.14 


0.06 


11.87 


0.00 


0.00 


JSD5_o. 25-2-8 


0.951 


3.072 


7.42 


5.66 


70.70 


1.49 


8.76 


0.45 


0.36 


0.05 


0.51 


0.10 


0.05 


0.02 


4.43 


0.00 


0.00 


JSD 5 -o.25-2-9 


0.596 


4.159 


0.62 


16.65 


35.51 


3.28 


25.89 


1.34 


1.07 


0.63 


1.49 


0.29 


0.15 


0.07 


13.02 


0.00 


0.00 


JSD 5 -o.25-3-4 


1.243 


0.074 


0.22 


16.03 


35.19 


3.13 


23.64 


3.59 


2.87 


0.67 


1.36 


0.26 


0.14 


0.17 


12.72 


0.00 


0.00 


JSD 5 _ . 25-3-5 


3.230 


0.107 


0.17 


15.36 


36.41 


1.42 


19.21 


7.40 


5.54 


0.52 


1.11 


0.21 


0.11 


0.36 


12.15 


0.00 


0.00 


JSD 5 _ . 25-3-6 


0.117 


0.409 


0.35 


17.90 


33.73 


0.72 


27.77 


1.44 


1.15 


0.81 


1.60 


0.31 


0.16 


0.07 


13.99 


0.00 


0.00 


JSD5_o. 25-3-7 


0.677 


0.508 


0.60 


16.64 


37.94 


0.91 


20.14 


5.04 


3.78 


0.24 


1.22 


0.21 


0.10 


0.25 


12.94 


0.00 


0.00 


JSD5_o. 25-3-8 


0.737 


0.609 


0.45 


17.10 


36.38 


0.65 


22.21 


4.32 


3.44 


0.15 


1.30 


0.24 


0.12 


0.21 


13.44 


0.00 


0.00 


JSD 5 -o.25-3-9 


0.238 


1.164 


1.09 


15.01 


40.20 


3.96 


23.31 


1.21 


0.96 


0.73 


1.35 


0.26 


0.14 


0.06 


11.73 


0.00 


0.00 


JSDs-o.25-3-10 


0.189 


2.336 


0.55 


16.98 


33.20 


4.31 


26.38 


1.36 


1.09 


0.82 


1.52 


0.29 


0.15 


0.07 


13.27 


0.00 


0.00 


JSDs-0.25-3-11 


0.133 


2.619 


0.35 


17.90 


33.73 


0.72 


27.77 


1.44 


1.15 


0.81 


1.60 


0.31 


0.16 


0.07 


13.99 


0.00 


0.00 


JSD 5 _ .25-3-12 


0.326 


3.676 


0.64 


15.66 


37.94 


4.19 


24.41 


1.26 


1.00 


0.78 


1.41 


0.27 


0.14 


0.06 


12.24 


0.00 


0.00 


JSD 5 _ .25-3-13 


0.174 


3.946 


0.30 


16.16 


36.39 


4.27 


25.13 


1.30 


1.04 


0.83 


1.45 


0.28 


0.15 


0.06 


12.64 


0.00 


0.00 


JSD 5 _ .25-3-14 


0.614 


4.469 


7.42 


5.66 


70.70 


1.49 


8.76 


0.45 


0.36 


0.05 


0.51 


0.10 


0.05 


0.02 


4.43 


0.00 


0.00 



Table 1 — Continued 



Simulation 


M 


a 


H 


Mg 





S 


Fe 


Al 


Ca 


Na 


Ni 


Cr 


P 


Ti 


Si 


N 


c 




(M© ) (AU) 
































JSDs-o.25-4-4 


1.113 


0.248 


0.44 


16.48 


35.36 


4.06 


25.62 


1.33 


1.06 


0.80 


1.48 


0.29 


0.15 


0.06 


12.88 


0.00 


0.00 


JSDs-o.25-4-5 


0.770 


0.557 


1.22 


16.76 


41.20 


2.42 


20.82 


1.41 


1.13 


0.59 


1.22 


0.23 


0.12 


0.07 


12.83 


0.00 


0.00 


JSDg-o.25-4-6 


0.364 


0.909 


2.04 


14.97 


42.19 


1.78 


23.06 


1.20 


0.96 


0.33 


1.34 


0.25 


0.13 


0.06 


11.68 


0.00 


0.00 


JSDg-o.25-4-7 


0.635 


1.258 


1.50 


15.01 


40.00 


3.81 


23.30 


1.21 


0.96 


0.67 


1.35 


0.26 


0.14 


0.06 


11.73 


0.00 


0.00 


JSDg-o.25-4-8 


0.105 


2.667 


0.00 


17.78 


30.46 


4.66 


27.62 


1.43 


1.14 


0.88 


1.60 


0.31 


0.16 


0.07 


13.89 


0.00 


0.00 


JSDs-o.25-4-9 


1.322 


3.047 


4.82 


9.51 


58.15 


2.50 


14.75 


0.76 


0.61 


0.32 


0.85 


0.16 


0.09 


0.04 


7.43 


0.00 


0.00 
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Table 2. Predicted water content for all simulated extrasolar terrestrial planets. All 
values are in Earth oceans for all five disk compositions examined. Planet number increases 
with increasing distance of the initial embryo from the host star. Disk compositions are 

shown in order of increasing C/O value. 



Simulation Disk Composition 





HD213240 


Solar 


G1777 


HD19994 


HD420; 


In-situ-1-3 


0.00 


0.00 


0.00 


0.00 


0.00 


In-situ-2-3 


0.00 


0.00 


0.00 


0.00 


0.00 


ln-situ-3-3 


A A A 

0.00 


A r\r\ 

0.00 


A A A 

0.00 


A A A 

0.00 


A A A 

0.00 


In-situ-4-3 


0.00 


0.00 


0.00 


0.00 


0.00 


JD5_i-l-3 


0.00 


2.62 


1.76 


0.66 


2.02 


JD 5 _i-l-4 


A 7A 

4.79 


1 A AO 

10.03 


7.79 


5.33 


5.52 


JD5_i-l-5 


A r\r\ 

0.00 


O.o4 


A OA 

0.30 


A A A 

0.00 


A A A 

0.00 


JD 5 _!-l-6 


0.00 


0.63 


0.00 


0.00 


0.00 


JDs-i-1-7 


0.00 


5.25 


2.64 


1.62 


4.04 


JD 5 _i-l-8 


0.00 


14.37 


9.32 


4.88 


10.63 


JD5-1-I-9 


14.35 


22.79 


18.24 


12.08 


12.42 


JD5-1-2-4 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 _ i-2-5 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 _!-2-6 


0.00 


4.01 


2.07 


0.65 


3.01 


JD 5 _i-2-7 


0.00 


1.54 


1.21 


0.65 


1.02 


JD 5 _ i-2-8 


0.00 


9.04 


5.98 


3.24 


6.09 


JD5-1-2-9 


0.00 


6.50 


2.75 


1.95 


3.55 


JD5-1-2-IO 


4.79 


23.71 


16.15 


7.95 


16.07 


JD 5 _i-2-ll 


0.00 


0.00 


0.00 


0.00 


0.00 
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Table 2 — Continued 



Simulation Disk Composition 

HD213240 Solar G1777 HD19994 HD4203 



JD5-1-3-4 


0.00 


62.24 


0.60 


0.65 


1.02 


JD 5 _i-3-5 


0.00 


33.56 


0.00 


0.00 


0.00 


JD 5 _i-3-6 


0.00 


643.96 


7.76 


3.91 


10.10 


JD 5 _!-3-7 


0.00 


440.06 


2.67 


0.98 


3.52 


JD 5 _i-3-8 


9.57 


1054.31 


16.49 


8.38 


11.94 


JD 5 _i-3-9 


0.00 


91.62 


1.73 


0.97 


3.01 


JD5-1-4-4 


0.00 


5.66 


3.58 


0.66 


3.01 


JD 5 _i-4-6 


4.79 


25.40 


16.62 


9.56 


17.62 


JD5-1-4-7 


0.00 


14.06 


8.33 


3.90 


9.60 


JD5-0. 25-1-3 


474.95 


369.39 


363.00 


311.10 


107.31 


JD5-0.25-1-4 


1348.42 


1021.62 


1009.62 


865.98 


278.88 


JD 5 _ . 25-1-5 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 _ . 25-I-6 


2533.93 


1906.04 


1881.03 


1616.43 


505.01 


JD5-0. 25-1-7 


928.36 


700.13 


691.14 


593.57 


187.13 


JD5-0.25-1-8 


277.15 


208.47 


205.74 


176.80 


55.24 


JDs-0.25-1-9 


0.00 


0.00 


0.00 


0.00 


0.00 


JDs-0.25-1-10 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 _o.25-l-H 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 _ .25-1-12 


2108.80 


1589.87 


1579.08 


1355.70 


463.26 


JD5-0. 25-3-3 


101.27 


76.32 


75.72 


65.02 


21.89 



Table 2 — Continued 



Simulation Disk Composition 







HD213240 


Solar 


G1777 


HD19994 


HD4203 


JD 5 


-0.25-3-4 


200.34 


152.62 


151.42 


129.55 


43.74 


JD 5 


-0.25-3-5 


2868.56 


2157.75 


2129.43 


1829.89 


571.70 


JD 5 


-0.25-3-6 


4492.64 


3379.39 


3335.05 


2865.92 


895.38 


JD 5 


-0.25-3-7 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 


-0.25-3-8 


3504.52 


2636.12 


2601.53 


2235.58 


698.45 


JD 5 


-0.25-3-9 


20.71 


0.00 


15.37 


13.21 


4.13 


JD 5 _ 


-0.25-3-10 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 


-0.25-4-3 


342.50 


284.54 


273.36 


227.44 


92.66 


JD 5 


-0.25-4-4 


407.09 


312.15 


310.01 


264.48 


95.94 


JD 5 


-0.25-4-5 


378.56 


290.22 


288.05 


245.89 


83.46 


JD 5 


-0.25-4-6 


257.69 


193.84 


191.30 


164.39 


51.36 


JD 5 


n 9 ^-4-7 

— yj.zo 1 


319.27 


313.69 


305.77 


209.41 


73.76 


JD 5 


-0.25-4-8 


118.98 


89.50 


88.33 


75.90 


23.71 


JD 5 


-0.25-4-9 


2346.43 


1765.00 


1741.84 


1496.82 


467.64 


JD 5 - 


-0.25-4-10 


59.51 


44.77 


44.18 


37.97 


11.86 


JD 5 _ 


0.25-4-H 


178.17 


135.82 


134.24 


115.01 


37.62 


JD 5 - 


-0.25-4-12 


198.01 


150.72 


149.15 


127.64 


41.56 


JD 5 - 


0.25-4-13 


377.95 


284.44 


281.10 


241.51 


77.03 


JD 5 _ 


0.25-4-14 


19.80 


14.89 


14.70 


12.63 


3.95 


JD 5 _ 


0.25-4-15 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 _ 


0.25-4-16 


0.00 


0.00 


0.00 


0.00 


0.00 


JD 5 


-0.25-5-3 


149.76 


266.58 


1173.90 


1005.35 


164.38 
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Table 2 — Continued 



Simulation Disk Composition 







HD213240 


Solar 


G1777 


HD19994 


HD4203 


JD 5 - 


0.25-5-4 


1550.98 


1186.77 


229.71 


165.00 


337.80 


JD 5 - 


0.25-5-5 


420.06 


318.03 


315.07 


270.12 


89.22 


JD 5 - 


0.25-5-6 


0.04 


1.81 


2.19 


1.36 


2.11 


JD 5 - 


-0.25-5-7 


237.60 


182.30 


180.52 


154.25 


51.56 


JD 5 _ 


U.ZD 


1643.95 


1236.59 


0.00 


0.00 


327.64 


JD 5 - 


0.25-5-9 


39.55 


29.75 


1220.36 


1048.70 


7.88 


JD 5 _ 


0.25-5-10 


0.00 


0.00 


29.36 


25.23 


0.00 


JSD 5 


-0.25-1-4 


279.50 


218.81 


215.75 


184.03 


7.89 


JSD 5 


-0.25-1-5 


79.20 


98.29 


85.55 


79.57 


65.82 


JSD 5 


-0.25-1-6 


237.70 


260.83 


251.67 


157.01 


11.83 


JSD 5 


n on: - I- Y 


59.34 


45.93 


44.05 


37.85 


15.81 


JSD 5 


-0.25-1-8 


79.32 


59.67 


58.88 


50.60 


55.80 


JSD 5 


-0.25-1-9 


39.59 


29.78 


29.39 


7.89 


61.00 


JSD 5 


-0.25-2-4 


100.84 


129.99 


76.13 


65.71 


56.95 


JSD 5 


-0.25-2-5 


41.86 


924.93 


33.78 


28.45 


254.90 


JSD 5 


-0.25-2-6 


291.89 


33.40 


219.28 


187.53 


12.15 


JSD 5 


-0.25-2-7 


1221.94 


222.91 


913.82 


784.74 


62.27 


JSD 5 


-0.25-2-8 


2688.63 


77.70 


1995.87 


1715.11 


22.25 


JSD 5 


-0.25-2-9 


140.74 


2022.40 


125.66 


102.34 


535.84 


JSD 5 


-0.25-3-4 


102.41 


96.62 


110.20 


84.84 


62.40 


JSD 5 . 


-0.25-3-5 


206.61 


125.15 


193.06 


153.61 


91.84 
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Simulation Disk Composition 







HD213240 


Solar 


G1777 


HD19994 


HD4203 


JSD 5 . 


-0.25-3-6 


15.71 


11.82 


11.66 


10.02 


3.13 


JSD 5 . 


-0.25-3-7 


155.23 


120.29 


122.96 


104.27 


39.19 


JSD 5 . 


-0.25-3-8 


125.61 


205.69 


95.88 


82.36 


30.65 


JSD 5 . 


-0.25-3-9 


99.11 


13.47 


74.71 


63.22 


21.81 


JSD 5 _ 


0.25-3-10 


39.61 


29.80 


29.41 


7.89 


7.89 


JSD 5 _ 


0.25-3-11 


17.91 


76.15 


13.29 


11.42 


3.57 


JSD 5 _ 


0.25-3-12 


79.23 


14.87 


87.01 


79.75 


61.83 


JSD 5 _ 


0.25-3-13 


19.77 


99.04 


14.68 


12.61 


3.94 


JSD 5 _ 


-0.25-3-14 


1737.27 


1306.79 


1289.64 


1108.23 


346.24 


JSD 5 . 


-0.25-4-4 


187.22 


199.10 


182.93 


145.27 


92.35 


JSD 5 . 


-0.25-4-5 


358.74 


339.86 


329.83 


231.96 


77.41 


JSD 5 . 


-0.25-4-6 


283.66 


213.80 


212.20 


182.20 


61.66 


JSD 5 


-0.25-4-7 


363.33 


277.31 


275.48 


235.71 


81.76 


JSD 5 . 


-0.25-4-8 


0.00 


1.81 


1.25 


1.34 


2.11 


JSD 5 . 


-0.25-4-9 


2427.77 


1826.33 


1802.76 


1549.12 


485.56 
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Fig. 1. — Mg/Si vs. C/O for known planetary host stars with reliable stellar abundances 
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the transition between the various Mg/Si regions. Dominant solid state composition for each 
region is shown. Average 2- a error bars for the observational estimates are shown in upper 
right. 
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Fig. 2. — Schematic of the results of the dynamical simulations for the in-situ scenario (top) 
and JD5_i scenario (bottom). Symbol size is proportional to the cube root of planetary 
mass. Earth is given in each panel for scale. The Jupiter-mass giant planet at 1 AU is 
omitted for clarity. Note that those planets with an * above them are shown in H] and [5j 
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Fig. 3. — Schematic of the results of the dynamical simulations for the JD 5 _ .25 scenario (top) 
and JSD5_o.25 scenario (bottom). Symbol size is proportional to the cube root of planetary 
mass. Elevation of some bodies above the plane is done only to resolve smaller, close-in 
bodies and is not an indication of planetary inclination. Earth is given in each panel for 
scale. The Jupiter-mass giant planet at 0.25 AU (both panels) and the Saturn-mass giant 
planet at 9.5 AU (bottom panel only) are omitted for clarity. Note that those planets with 
an * above them are shown in H] and |5j 
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Fig. 4. — Schematic of the bulk elemental planetary composition for planets produced assum- 
ing disk compositions with C/O < 0.8. Upper Left: Bulk elemental planetary compositions 
assuming a HD213240 composition disk. Upper Right: Bulk elemental planetary composi- 
tions assuming a G1777 composition disk. Bottom: Bulk elemental planetary compositions 
assuming a Solar composition disk. All values are wt% of the final simulated planet. For 
the sake of clarity, values are shown for a few indicative terrestrial planets produced in 
each of the four scenarios considered. Size of bodies is not to scale. Earth values taken 
from iKargel fe Lewis! (Il993l ) are shown for comparison. Note that planets shown here were 
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Fig. 5. — Schematic of the bulk elemental planetary composition for planets produced as- 
suming disk compositions with C/O > 0.8. Top: Bulk elemental planetary compositions 
assuming a HD 19994 composition disk. Bottom: Bulk elemental planetary compositions 
assuming a HD4203 composition disk. All values are wt% of the final simulated planet. 
For the sake of clarity, values are shown for a few indicative terrestrial planets produced 
in ea ch of the four sc e nario s considered. Size of bodies is not to scale. Earth values taken 
from Kargel fe Lewis! ( 119931 ) are shown for comparison. Note that planets shown here were 



indicated with an * above them in [2] and |3j 
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Fig. 6. — Cumulative probability of planetary water content for the three migration scenarios 
considered. Top: JD 5 _i, Middle: JD 5 _ .25, Bottom: JSD 5 _ .25- Based on all four simulations 
run for each scenario and the values listed in Table El 
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Table 3. Target star elemental abundances as number of atoms and normalized to 10 6 Si 

atoms. See text for references. 



Element 


HD213240 


Solar 


G1777 


HD19994 


HD4203 


Fe 


1 00 xlO 6 


8.71 xlO 5 


8 32 xlO 5 


8 51 xlO 5 


7 59 x 1 5 


C 


1.23 xlO 7 


7.59 xlO 6 


1.15 xlO 7 


1.48 xlO 7 


1.05 xlO 7 





2.82 xlO 7 


1.41 xlO 7 


1.48 xlO 7 


1.17 xlO 7 


5.62 xlO 6 


Na 


8.13 xlO 4 


4.57 xlO 4 


6.31 xlO 4 


1.07 xlO 5 


5.75 xlO 4 


Mg 


1.48 xlO 6 


1.05 xlO 6 


1.32 xlO 6 


1.02 xlO 6 


1.17 xlO 6 


Al 


1.07 xlO 5 


7.24 xlO 4 


1.05 xlO 5 


1.02 xlO 5 


9.77 xlO 4 


Si 


1.00 xlO 6 


1.00 xlO 6 


1.00 xlO 6 


1.00 xlO 6 


1.00 xlO 6 


S 


2.95 xlO 5 


4.27 xlO 5 


3.31 xlO 5 


2.40 xlO 5 


2.63 xlO 5 


Ca 


5.75 xlO 4 


6.31 xlO 4 


4.79 xlO 4 


5.62 xlO 4 


4.07 xlO 4 


Ti 


2.95 xlO 3 


2.45 xlO 3 


3.31 xlO 3 


2.45 xlO 3 


2.57 xlO 3 


Cr 


1.20 xlO 4 


1.35 xlO 4 


1.12 xlO 4 


1.23 xlO 4 


1.02 xlO 4 


Ni 


5.50 xlO 4 


5.25 xlO 4 


5.13 xlO 4 


5.50 xlO 4 


4.79 xlO 4 


C/O 


0.44 


0.54 


0.78 


1.26 


1.85 


Mg/Si 


1.48 


1.05 


1.32 


1.02 


1.18 



Table 4. Predicted bulk elemental abundances for all simulated extrasolar terrestrial planets. All values are in wt% 
of the final predicted planet for all five disk compositions examined. Planet number increases with increasing distance 
of the initial embryo from the host star. Final mass and orbital semi-major axis are listed. 



Simulation M a H Mg O S Fe Al Ca Na Ni Cr P Ti Si N C 

(M e ) (AU) 

Solar Composition Disk 

In-situ-1-3 1.260 0.400 0.00 11.31 34.23 0.00 21.44 7.11 9.19 0.06 1.48 0.26 0.08 0.43 14.42 0.00 0.00 

In-situ-2-3 1.245 0.372 0.00 11.02 34.44 0.00 20.74 7.54 9.75 0.08 1.42 0.25 0.08 0.45 14.22 0.00 0.00 

In-situ-3-3 1.100 0.345 0.00 10.79 34.69 0.00 20.10 7.86 10.16 0.05 1.37 0.25 0.08 0.47 14.17 0.00 0.00 

In-situ-4-3 1.178 0.391 0.00 10.97 34.39 0.00 20.80 7.57 9.78 0.07 1.46 0.25 0.08 0.45 14.18 0.00 0.00 



Note. — Table |4] is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance 
regarding its form and content. 
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Table 5. Predicted water content for all simulated extrasolar terrestrial planets. All 
values are in Earth oceans for all five disk compositions examined. Planet number increases 
with increasing distance of the initial embryo from the host star. Disk compositions are 

shown in order of increasing C/O value. 

Simulation Disk Composition 



HD213240 Solar G1777 HD19994 HD4203 



Tn Qitn 1 3 
lIl-olLLl-±-0 


o on 


n nn 

u.uu 


n nn 

u.uu 


n nn 

u.uu 


n nn 

u.uu 


In-situ-2-3 


0.00 


0.00 


0.00 


0.00 


0.00 


±11 &1 1 11 O O 


n nn 

u.uu 


n nn 

u.uu 


n nn 

u.uu 


n nn 

u.uu 


n nn 

u.uu 


Tn citn A 1 


n no 

u.uu 


n nn 

u.uu 


n nn 

u.uu 


n nn 

u.uu 


n nn 

u.uu 


Tr>r -, 1 i 

J-L*5 — l _ l-0 


n on 

u.uu 


9 fi9 


1 7fi 

1.IU 


u.uu 


9 n9 


TDr , 1 A 


A 7Q 


1 n 01 


7 7Q 


0.00 


^ ^9 


JD 5 _i-l-5 


0.00 


0.64 


0.30 


0.00 


0.00 


JD5_!-l-6 


0.00 


0.63 


0.00 


0.00 


0.00 


JD 5 _!-l-7 


0.00 


5.25 


2.64 


1.62 


4.04 


JD 5 _i-l-8 


0.00 


14.37 


9.32 


4.88 


10.63 


JDg-i-1-9 


14.35 


22.79 


18.24 


12.08 


12.42 


JD5-0. 25-1-3 


474.95 


369.39 


363.00 


311.10 


107.31 


JD5-0.25-1-4 


1348.42 


1021.62 


1009.62 


865.98 


278.88 


JD5-0. 25-1-5 


0.00 


0.00 


0.00 


0.00 


0.00 


JD5-0. 25-1-6 


2533.93 


1906.04 


1881.03 


1616.43 


505.01 


JD5-0. 25-1-7 


928.36 


700.13 


691.14 


593.57 


187.13 


JD5-0. 25-1-8 


277.15 


208.47 


205.74 


176.80 


55.24 


JD5-0.25-1-9 


0.00 


0.00 


0.00 


0.00 


0.00 


JDg-0.25-1-10 


0.00 


0.00 


0.00 


0.00 


0.00 
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Table 5 — Continued 



Simulation Disk Composition 

HD213240 Solar G1777 HD19994 HD4203 



JD5-0.25-I-H 0.00 0.00 0.00 0.00 0.00 

JD5-0.25-I-I2 2108.80 1589.87 1579.08 1355.70 463.26 



Note. — Table [S] is published in its entirety in the electronic edition of 
the Astrophysical Journal. A portion is shown here for guidance regarding 
its form and content. 



